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were	 the	 product	 of	 collaborations	 carried	 out	 jointly	with	 others,	 I	 am	 the	 principle	
contributor	 to	 the	work.	 This	 thesis	 has	 not	 been	 submitted	 for	 any	 other	 degree	 or	















remarks.	 Figures,	 tables,	 references	 and	appendices	 can	be	 found	at	 the	end	of	 each	
chapter.	Chapter	2	has	been	published,	while	the	remaining	data	chapters	are	presented	















This	 work	 was	 carried	 out	 in	 collaboration	 with	 the	 Australian	 Wildlife	 Conservancy	
(AWC).	 I	 collected	 the	 samples	 in	 the	 field,	 carried	 out	 the	 DNA	 extractions	 (sent	 to	
Diversity	 Arrays	 TechnologyTM	 for	 genotyping),	 performed	 the	 mitochondrial	 and	

















the	 field	 work,	 performed	 the	 DNA	 extractions	 (later	 sent	 to	 Diversity	 Arrays	
TechnologyTM	 for	 genotyping),	 performed	 the	 statistical	 analyses	 and	 authored	 the	
chapter.	Rod	Peakall,	Sam	Banks,	Sarah	Legge,	Katherine	Tuft	and	Alex	James	contributed	




























To	my	amazing,	dedicated	volunteers	 (Mourad,	Nick,	 Sarah,	 Irene	and	Tali),	 this	
project	would	not	have	been	possible	without	you.	To	Nick,	Sarah	and	Irene	in	particular,	

















Sonya,	 Frances,	 Ian,	 Jessie,	 Dani,	Weliton,	 David	 K.,	 Tom,	Marta,	Moos,	 Thom,	 Iliana,	


















































patterns	can	 therefore	 reveal	 insights	 into	 the	biology	of	 species	and	 the	 response	of	











of	 structure	detected	at	uniparentally	 inherited	markers.	Thus,	 comparing	sex-specific	
patterns	 across	 markers	 with	 differing	 modes	 of	 inheritance	 can	 help	 elucidate	
demographic	processes	occurring	within	populations.		
	
In	 addition	 to	 microsatellite,	 mitochondrial	 and	 Y	 chromosome	 markers,	 high	
throughput	sequencing	data	is	becoming	increasingly	accessible	for	ecological	research.	







and	 filtering	 criteria.	 This	 demonstrates	 the	 importance	 of	 understanding	 how	
methodological	decisions	can	impact	biological	inference	from	genetic	data.		
	
The	 pale	 field-rat	 is	 one	 of	 many	 small	 mammals	 declining	 across	 northern	
Australia.	This	is	due,	in	part,	to	the	interaction	between	altered	fire	regimes	and	other	
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key	 threats.	 To	better	understand	 this	decline,	 I	 investigated	habitat	preferences,	 fire	










by	 in	 situ	 survivors	 from	 within	 unburnt	 refuges,	 compared	 to	 recolonisation	 after	
thorough	 fires.	 Furthermore,	 changes	 in	 female	 dispersal	 strategies	 appeared	 to	 be	




My	 thesis	 demonstrates	 that	 the	 combined	use	of	 computer	 simulations,	 direct	























Thus,	understanding	 these	processes	has	been	central	 to	ecological,	 evolutionary	and	
population	 genetics	 research.	 Knowledge	of	dispersal	 and	 reproductive	 strategies	 can	









also	 lead	me	 to	 explore	 questions	 about	 how	 small	mammal	 populations	 respond	 to	
ecological	 disturbance,	 and	 in	 particular	 the	 role	 of	 dispersal	 in	 population	 recovery	
following	fire.	I	use	a	simulation	study	to	explore	how	spatial	genetic	patterns	respond	to	
variation	in	dispersal	and	mating	systems	across	a	range	of	different	molecular	marker	
types.	 I	 also	 investigate	 how	 different	 marker	 types	 and	 bioinformatic	 processing	
influence	 the	 outcomes	 of	 downstream	 genetic	 analyses,	 in	 order	 to	 develop	 a	 high	
confidence	panel	 of	markers	 for	 use	 in	 a	 later	 chapter.	 I	 then	 focus	 on	 a	 case	 study,	
investigating	 demographic	 and	 genetic	 responses	 of	 a	 native	 rodent	 to	 fire	 in	 north-
western	 Australia,	 conducting	 a	 fire	 experiment	 and	 using	 ecological	 and	 genetic	
information	to	understand	how	native	mammals	respond	to	fire.	This	research	is	linked	
with	 a	 larger	 fire	 management	 research	 program	 led	 by	 the	 Australian	 Wildlife	




There	 is	 an	 incredible	 diversity	 of	 dispersal	 and	 reproductive	 strategies	 in	 animal	
populations	 (McEachern	 et	 al.	 2009,	 Blyton	 et	 al.	 2012).	 Dispersal,	 the	movement	 of	
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biased	 dispersal	 is	 often	 associated	 with	 a	 polygynous	mating	 system,	 female-biased	
dispersal	 with	 polyandry,	 and	 dispersal	 by	 both	 sexes	 with	 monogamy	 (Greenwood	
1980).	 Because	 these	 processes	 are	 at	 the	 foundation	 of	 extinction-recolonisation	

















Allan	 2008).	 Typically,	 the	 fire	 regime	 takes	 into	 account	 fire	 intensity,	 frequency	
(between-fire	interval),	season	of	burn,	fire	type	(above	or	below	ground)	and	the	extent	





















people	 managed	 fire	 in	 northern	 Australian	 landscapes	 for	 millennia	 and	 traditional	
burning	 practices	 likely	 resulted	 in	 patchy,	 low-intensity	 fires	 that	 were	 mostly	
concentrated	 in	 the	 early	 	 to	 mid-dry	 season	 (Bowman	 1998,	 Yibarbuk	 et	 al.	 2001).	
However,	during	European	settlement,	indigenous	people	were	forced	from	their	land	to	













between	 vegetation	 types	 and	 this	 can	 have	 markedly	 different	 impacts	 on	 fauna	
(Lindenmayer	et	al.	2008).	Furthermore,	management	practices	usually	focus	on	plant	
communities,	as	there	is	limited	data	on	the	survival	and	recovery	process	for	different	
animal	 groups	 (Bradstock	 2008,	 Driscoll	 et	 al.	 2010).	 Nevertheless,	 ecologically	







unburnt	 vegetation	 and	 to	 reduce	 the	 incidence	 and	 extent	 of	 late	 dry	 season,	
unmanaged	 fire	 (Russell-Smith	et	 al.	 1997,	 2003,	 Legge	et	 al.	 2011,	 Price	 et	 al.	 2012,	
Murphy	 et	 al.	 2015).	 This	 is	 carried	 out	 through	 prescribed	 burning,	 a	 process	which	
involves	 the	 planned	 application	 of	 fire	 to	 a	 predetermined	 area,	 to	 achieve	 specific	
objectives.	 Evidence	 suggests	 that	 this	 type	 of	 burning	 practice,	which	was	 likely	 the	
customary	fire	management	strategy	under	Aboriginal	custodianship,	leaves	more	long	
unburnt	 areas	 in	 the	 landscape	 than	 when	 left	 unmanaged	 (Bradstock	 et	 al.	 2012,	
Skroblin	et	al.	2014).		
	




processes	 that	 support	 population	 recovery	 (like	 dispersal	 or	 habitat	 requirements).	
Furthermore,	our	current	understanding	of	species’	responses	to	fire	is	largely	pattern	















biodiversity,	 given	 the	 lack	 of	 apparent	 landscape	 modification.	 The	 cause	 of	 these	
declines	 is	 complex	 and	 likely	 synergistic	 (Ziembicki	 et	 al.	 2015).	 However,	 research	
suggests	 that	mammals	 can	 be	 sensitive	 even	 to	 single	 fire	 events	 and	 thus	may	 be	
particularly	vulnerable	to	regimes	of	extensive	and	frequent	fires	 (Corbett	et	al.	2003,	
Legge	 et	 al.	 2008).	 Therefore,	 the	 increasing	 intensity	 and	 frequency	 of	 extensive	





et	 al.	 2015a).	 Research	 suggests	 that	 disturbance	 (fire	 and	 grazing	 by	 introduced	
herbivores	 such	 as	 cattle)	 can	 remove	 or	 degrade	 habitat	 used	 by	 native	 rodents	 for	
shelter,	nesting	and	foraging,	increasing	the	risk	of	predation	(Kutt	and	Woinarski	2007,	
McGregor	et	al.	2015,	2016,	Leahy	et	al.	2016).	This	supports	 the	hypothesis	 that	 the	
interaction	between	fire,	grazing	and	predation	(particularly	by	the	feral	cat,	Felis	catus)	
is	 the	 primary	 cause	 of	 decline	 for	 both	 native	 rodents	 and	 small	 to	 medium	 sized	
marsupials	 (Ziembicki	 et	 al.	 2015).	 In	 this	 way,	 fire	 can	 indirectly	 affect	 survival	 and	
reproductive	output,	which	has	implications	for	population	recovery	for	these	vulnerable	
species.	For	these	reasons	there	is	urgent	need	for	studies	increasing	our	understanding	





The	 immediate	 demographic	 consequences	 that	 arise	 from	 fire	 shape	 subsequent	
population	 recovery.	 Characterising	 these	 initial	 demographic	 patterns	 as	 a	 ‘starting	
point’	 for	post-fire	recovery	 is	 therefore	critical	 for	understanding	the	mechanisms	by	
which	population	recovery	proceeds	(Banks	et	al.	2011).	Patterns	of	animal	survival	or	
recolonisation	are	strongly	influenced	by	dispersal	ability,	patterns	of	habitat	utilisation	





Distinguishing	 whether	 recovery	 is	 primarily	 driven	 by	 in	 situ	 survival	 or	
recolonisation	is	fundamental	to	understanding	the	potential	for	ecosystems	to	recover	
after	 wildfire	 (Lindenmayer	 et	 al.	 2005,	 Banks	 et	 al.	 2011,	 2017).	 This	 is	 because	
understanding	these	mechanisms	can	help	us	to	identify	the	spatial	components	of	fire	








Researchers	 often	 turn	 to	 genetic	 methods	 to	 gain	 insight	 into	 the	 ecological	 and	
behavioural	processes	occurring	both	within	and	among	populations.	This	is	partly	due	








in	 population	 genetic	 theory	 since	 Wright’s	 seminal	 work	 (Wright	 1943;	 1951).	
Demographic	processes,	such	as	mating	and	dispersal	are	likely	to	be	detected	over	local	
scales,	 with	 patterns	 of	 genetic	 structure	 reflecting	 familial	 relationships	 and	 spatial	
clustering	of	 related	 individuals	 (Storz	1999;	Banks	&	Peakall	2012).	At	 the	population	
level,	 these	 processes	 still	 contribute	 to	 patterns	 of	 genetic	 structure	 across	 the	
landscape.	 However,	 since	 the	 population	 is	 the	 unit	 of	 analysis	 (rather	 than	 the	
individual),	meta-population	dynamics,	genetic	drift	and	historical	connectivity	become	
important	 at	 this	 scale	 (Gaggiotti	 et	 al.	 2004).	 Thus,	 in	 order	 to	 gain	 a	 contemporary	
perspective	on	gene	flow	and	investigate	demographic	questions,	it	is	often	necessary	to	
look	at	patterns	over	a	fine-scale	(over	a	scale	of	meters	rather	than	kilometres).	This	is	
especially	 important	 for	 small,	 inconspicuous	 species,	 where	 dispersal	 and	 social	
behaviours	occur	over	 this	ultra-local	 scale	 (reviewed	 in	Chapter	2,	Appendix	 S1).	 For	





and	 genotyping	 techniques,	 to	 investigate	 demographic	 processes,	 fire	 response,	 and	
post-fire	 recovery	 in	 small	 mammal	 populations.	 By	 combining	 computer	 simulation	
modelling,	a	traditional	field	study,	and	different	types	of	genetic	data,	my	thesis	aims	to	
provide	 a	 greater	 understanding	 of	 the	 complex	 processes	 underlying	 small	mammal	
populations	than	would	be	possible	with	any	of	these	approaches	alone.	Below,	I	outline	




Studies	using	genetic	data	 to	 investigate	dispersal	and	mating	systems	often	 focus	on	





















The	 pale	 field-rat	 is	 one	 of	 many	 small	 mammal	 species	 currently	 declining	 across	
northern	Australia.	Evidence	suggests	that	the	interaction	between	altered	fire	regimes	
and	other	key	threats	is	responsible	for	these	declines.	In	Chapter	4,	I	present	findings	
from	 a	 manipulative	 fire	 experiment	 and	 capture-mark-recapture	 study,	 in	 which	 I	
investigate	 habitat	 preferences,	 fire	 response	 and	 post-fire	 recovery	 in	 pale	 field-rat	
populations.	 I	 characterise	 the	spatial	distribution	of	 surviving	 individuals	 immediately	
after	fires	of	differing	spatial	scales	and	intensity.	With	this	evidence,	I	make	inferences	
about	how	spatial	recovery	processes	might	differ	between	lower	intensity,	‘patchy’	fires	




While	 a	 large	body	of	 research	has	 concentrated	on	 fire	 response	 in	 small	mammals,	
studies	rarely	focus	on	post-fire	population	recovery.	Genetic	analyses	have	the	potential	
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The impact of mating systems and dispersal on 
fine-scale genetic structure at maternally, 


















structure	 across	 populations	 or	 social	 groups.	 However,	 we	 still	 lack	 a	 thorough	
understanding	 of	 how	 these	 processes	 and	 their	 interaction,	 shape	 spatial	 genetic	
patterns	over	 a	 finer	 scale	 (tens	–	hundreds	of	metres).	Using	uniparentally	 inherited	
markers	may	help	answer	these	questions,	yet	their	potential	has	not	been	fully	explored.	
Here,	 we	 use	 individual-level	 simulations	 to	 investigate	 the	 effects	 of	 dispersal	 and	
mating	 system	 on	 fine-scale	 genetic	 structure	 at	 autosomal,	 mitochondrial	 and	 Y	
chromosome	 markers.	 Using	 genetic	 spatial	 autocorrelation	 analysis,	 we	 found	 that	








towards	 fewer	 individuals.	 Comparing	 males	 and	 females	 at	 Y	 chromosome	 versus	
mitochondrial	markers	 respectively,	 revealed	 that	 some	mating	 systems	can	generate	
similar	 patterns	 to	 those	 expected	 under	 sex-biased	 dispersal.	 This	 demonstrates	 the	








and	 among	 populations.	 This	 has	 inspired	 the	 extensive	 use	 of	 genetic	 analyses	 to	





















evolutionary	 time	 in	 the	 male	 germ	 line	 compared	 to	 autosomal	 markers,	 it	 is	 not	
uniparentally	 inherited.	 This	 means	 that	 the	 X	 and	 Y	 chromosomes	 are	 not	 directly	
comparable	 (MacDonald	 et	 al.	 2014).	 However,	 comparing	 Y	 chromosome	 to	mtDNA	
markers	may	provide	a	sex-specific	genetic	perspective	for	inferring	biological	processes	
(Goudet	et	al.	2002;	Petit	et	al.	2002;	Lawson	Handley	&	Perrin	2007).	Furthermore,	these	
markers	 may	 offer	 insight	 into	 these	 processes	 over	 greater	 time	 scales,	 as	 both	
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combination	 with	 other	 genome	 regions	 to	 find	 evidence	 for	 sex-biased	 dispersal	
(Hammond	et	al.	2006;	Schubert	et	al.	2011;	Yannic	et	al.	2012;	MacDonald	et	al.	2014),	
skewed	 sex	 ratios	 and	 polygyny	 (Neaves	 et	 al.	 2013),	 population	 expansion	 and	
contraction,	and	variation	in	mutation	rates	between	the	sexes	(Evans	et	al.	2014).		
	
In	 order	 to	 take	 full	 potential	 of	 uniparentally	 inherited	 markers	 in	 population	
genetic	studies,	it	is	fundamental	that	we	understand	how	these	markers	are	influenced	
by	 ecological	 and	 behavioural	 processes.	 A	 number	 of	 simulation	 studies	 have	
investigated	the	ability	of	autosomal	markers	to	detect	differences	in	genetic	structure	
between	the	sexes,	both	at	an	individual		and	population	level	(Goudet	et	al.	2002;	Banks	
&	 Peakall	 2012;	 Parreira	&	 Chikhi	 2015).	 However,	 the	 potential	 to	 use	 uniparentally	
inherited	markers	at	the	individual	level,	rather	than	at	population	or	social	group	levels,	
has	not	been	extensively	explored.	This	is	a	major	knowledge	gap,	as	the	effect	of	social	






in	 an	 understanding	 of	 the	 genetic	 patterns	 expected	 under	 the	 diverse	mating	 and	
dispersal	 strategies	 that	 occur	 (McEachern	 et	 al.	 2009;	 Blyton	 et	 al.	 2012;	 also,	 see	
















dispersal	 and	mating	 scenarios	 found	 across	 small	mammal	 species	 (Fig.	 1)	 and	 their	




(Banks	&	Peakall	2012).	Simulations	provide	a	powerful	and	 flexible	 tool	 for	exploring	
different	 biological	 processes,	 and	 can	 be	 adapted	 to	 investigate	 many	 different	
ecological	and	behavioural	scenarios.		
	
As	 a	 starting	 point,	 simulations	 were	 built	 around	 the	 life	 history	 of	 the	 agile	
antechinus	 (Antechinus	 agilis),	 an	 Australian	marsupial	with	 a	 long	 history	 as	 a	 study	
organism	 in	 behavioural,	 landscape	 and	 molecular	 ecology	 (Cockburn	 et	 al.	 1985;	
Kraaijeveld-Smit	et	al.	2002a;	b;	c;	Banks	et	al.	2005a;	Fisher	et	al.	2006a;	b;	Banks	&	











scale	 genetic	 structure	 across	 autosomal,	mtDNA	and	 Y	 chromosome	markers	will	 be	
strongly	 influenced	 by	 dispersal,	 with	 limited	 dispersal	 increasing	 fine-scale	 genetic	












and	 individuals	mate	 in	 their	 first	 breeding	 season	after	birth.	All	males	die	 after	 this	
breeding	season	and	very	few	females	survive	to	reach	a	second	breeding	year,	resulting	















and	simulations	are	extensively	validated	 in	 the	supplementary	data	 for	 these	papers.	




referenced,	 autosomal	 genotypes	 and	 mtDNA	 and	 Y	 chromosome	 haplotypes	 for	 all	











is	 therefore	 most	 likely	 to	 detect	 meaningful	 differences	 in	 spatial	 autocorrelation	
patterns	between	the	sexes	(Banks	&	Peakall	2012).	Furthermore,	the	scaling	of	dispersal,	
population	 density	 and	 sampling	 in	 our	 simulations	 is	 likely	 to	 be	 indicative	 of	many	









chromosome	 haplotypes	 identified	 varies	 considerably	 among	 studies	 and	 taxa.	
However,	we	chose	to	use	10	haplotypes	as	this	is	representative	of	real	situations,	with	












The	 first	 generation	 was	 obtained	 by	 random	 mating	 among	 all	 individuals	 in	 the	
population	(establishing	Hardy-Weinberg	equilibrium),	with	offspring	becoming	parents	
in	the	following	generation.	After	this	initial	random	generation,	mating	included	nearest	




an	 average	of	 ~30	m,	owing	 to	 the	parameter	 set	 changes	 required	 to	 represent	 the	
harem	structure	usually	associated	with	this	mating	system	(for	detailed	information	on	
mate	search	distances	across	all	mating	systems,	see	Appendix	S4).	Inbreeding	avoidance	
mechanisms	were	 not	 included	 in	 simulation	 parameters	 (with	 the	 exception	 of	 sex-
biased	dispersal,	detailed	below).	These	mechanisms	are	unlikely	to	be	important	for	our	
results	given	that	we	measured	fine-scale	genetic	structure	within	same	sex	individuals	





In	 a	 genetic	 mark-recapture	 study,	 Banks	 (2005)	 found	 that	 juvenile	 males	
dispersed	1250	m	on	average	(median	274	m;	maximum	6000	m).	However,	males	of	the	
closely	related	Antechinus	stuartii	only	dispersed	a	mean	distance	of	387	m	(median	303	
m;	maximum	1230	m;	 Fisher	 2005;	 Banks	et	 al.	 2011).	 In	 both	 studies,	 female	mean	
dispersal	was	<100	m.	Therefore,	in	our	simulations	dispersal	distances	were	drawn	from	




























We	 simulated	 three	 different	 dispersal	 scenarios	 by	 changing	 the	 mean	 exponential	
dispersal	 distance	 for	 females	 and	 males.	 Male-biased	 dispersal	 (consistent	 with	 the	
antechinus	system)	was	modelled	by	setting	mean	dispersal	distance	to	100	metres	for	
females	 and	 500	 metres	 for	 males	 (hereafter	 simplified	 as	 F100/M500).	 Restricted	
dispersal	(or	philopatry)	was	modelled	by	setting	both	male	and	female	mean	dispersal	
distance	 to	 100	 metres	 (F100/M100).	 This	 dispersal	 scenario	 was	 also	 simulated	 to	


















was	 reached.	 The	 number	 of	 females	 contributing	 to	 reproduction	 and	 the	 average	
number	 of	 offspring	 produced	 by	 each	 female	 did	 not	 differ	 substantially	 between	
promiscuity	 (λ	 =	 3),	 monogamy	 and	 polygyny.	 Conversely,	 the	 number	 of	 males	








females	 contributed	 to	 reproduction	 compared	 to	6014	males,	 from	a	 total	 of	 15700	
individuals.	 	 Females	 produced	 a	mean	 of	 3.15	 offspring,	whereas	males	 produced	 a	
mean	of	2.61.		
	














































2006,	 2012)	 using	 the	 genetic	 distance	 based	 method	 of	 multilocus	 spatial	
autocorrelation	analysis.	This	method	allows	any	data	type	to	be	used	(e.g.	multilocus	
allelic	genotypes,	biallelic	SNPs	or	haplotypes)	and	measures	the	relationship	between	



















of	 differences	 in	 female	 and	male	 r	 values	 (rfemales	 -	 rmales)	 in	 the	 first	 distance	 class,	
because	genetic	structure	 is	more	apparent	at	 this	 finer	scale	 (Banks	&	Peakall	2012).	
Under	no	difference	in	fine-scale	genetic	structure	between	the	sexes,	this	distribution	is	
centred	on	zero.	However,	differences	in	fine-scale	genetic	structure	between	the	sexes	




were	 significant,	 we	 compared	 95%	 bootstrap	 confidence	 intervals	 (CIs)	 about	 the	
autocorrelation	r	values	within	each	individual	simulation,	following	Peakall	et	al.	(2003).	





































apparent	 influence	 on	 patterns	 of	 genetic	 spatial	 autocorrelation	when	 dispersal	was	











(Fig.	 4:	 column	 b)	 (with	 the	 exception	 of	 the	 difference	 found	 under	 polygyny	 at	





Reducing	 mean	 dispersal	 distance	 to	 100	 metres	 created	 strong	 patterns	 of	 spatial	
autocorrelation	 for	both	 females	and	males,	with	positive	distributions	of	 simulated	 r	
values	across	all	mating	scenarios	at	autosomal,	mtDNA	and	Y	chromosome	markers	(Fig.	






































autocorrelation	 r	 values	 for	 females	 than	 males	 [mean	 r	 for	 mtDNA	 =	 F:	 0.255;	 Y	
chromosome	=	M:	0.111	(Table	1)],	generating	a	similar	pattern	to	that	seen	under	male-
biased	 dispersal	 (Fig.	 4:	 column	 a).	 This	 resulted	 in	 a	 substantial	 divergence	 between	
female	and	male	distributions	of	simulated	r	values,	with	rfemales	-	rmales	strongly	positive	
and	not	overlapping	zero	(Fig.	4:	column	a).	Female	and	male	95%	bootstrap	CIs	did	not	







When	 comparing	 females	 and	 males	 at	 autosomal	 and	 mtDNA	markers,	 variation	 in	
mating	system	influenced	the	magnitude	of	simulated	r	values,	but	patterns	of	fine-scale	
spatial	 genetic	 structure	were	 consistent	 between	 the	 sexes.	 Under	 each	 of	 the	 four	
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mating	 scenarios,	 female	 and	male	 distributions	 of	 simulated	 r	 values	mirrored	 each	
other,	with	rfemales	-	rmales	bounding	zero	(Fig.	4:	column	a;	Table	1).	Only	a	small	number	
of	these	simulations	(3–9)	showed	non-overlapping	95%	bootstrap	CIs	between	the	sexes	
(Appendix	 S10).	 At	 mtDNA	 markers,	 increased	 female	 reproductive	 skew	 under	
promiscuity	(λ=	8)	created	higher	 levels	of	fine-scale	spatial	genetic	structure	for	both	
sexes.	 At	 autosomal	 markers,	 male	 and	 female	 fine-scale	 spatial	 genetic	 structure	
















The	 impacts	 of	 social	 and	 behavioural	 processes	 on	 genetic	 structure	 are	 often	
overlooked	 in	 studies	 focused	 on	 dispersal.	 Here,	 we	 have	 developed	 a	 simulation	
framework	to	help	us	understand	the	processes	that	contribute	to	patterns	of	fine-scale	
spatial	 genetic	 structure	 across	 uniparentally	 and	 biparentally	 inherited	markers.	We	
found	 that	 dispersal	was	 the	major	 driver	 of	 fine-scale	 spatial	 genetic	 structure,	with	
limited	dispersal	distances	generating	strong	patterns	of	fine-scale	genetic	structure	and	
high	dispersal	 removing	 this	 structure.	 Sex-biased	dispersal	 is	 expected	 to	 generate	 a	
significant	difference	in	fine-scale	genetic	structure	between	the	sexes	(Banks	&	Peakall	
2012).	 Indeed,	 in	 this	 study,	 we	 found	 that	 under	 male-biased	 dispersal,	 females	














female	 and	 male	 fine-scale	 genetic	 structure,	 generated	 by	 mating	 system	 alone.	 In	
contrast,	 mtDNA	 and	 autosomal	 markers	 were	 fairly	 robust	 across	 different	 mating	
systems,	but	 fine-scale	spatial	genetic	 structure	 increased	at	both	marker	 types	when	
reproductive	 success	 was	 skewed	 towards	 fewer	 individuals.	 These	 findings	 have	













An	explanation	of	 these	patterns	 is	offered	by	 considering	 the	 consequences	of	




























fine-scale	spatial	genetic	 structure	 for	males	at	Y	chromosome	markers,	due	 to	 fewer	
males	producing	more	offspring	and	siring	entire	litters	with	identical	paternally	inherited	
Y	chromosomes	(rather	than	producing	fewer	offspring	across	litters	with	multiple	sires).	
Eldon	&	Wakeley	 (2006)	used	simulations	and	an	empirical	 study	of	Pacific	oysters	 to	







structure	 for	 both	 sexes.	 Therefore,	 while	 the	 mating	 system	 creates	 differences	 in	




few	 years)	 and	 the	 majority	 of	 females	 successfully	 reproduce,	 such	 as	 in	 mountain	
brushtail	 possums	 (Lindenmayer	 et	 al.	 1998;	 Blyton	 et	 al.	 2015)	 or	 white-tailed	 deer	
(Verme	 1965),	 fine-scale	 genetic	 structure	 at	maternally	 inherited	markers	 would	 be	
expected	to	be	low	compared	to	species	with	large	litters	(all	else,	 including	dispersal,	
being	equal).	Conversely,	in	species	where	females	produce	thousands	of	offspring	at	a	
time,	 such	 as	 marine	 invertebrates	 (Hedgecock	 1994),	 or	 in	 systems	 where	 a	 small	
number	of	females	dominate	reproduction,	such	as	naked	mole	rats	(Clarke	&	Faulkes	
1997;	 Patzenhauerová	et	 al.	 2013),	 genetic	 structure	 at	maternally	 inherited	markers	
would	 be	 expected	 to	 be	 very	 high	 (in	 the	 absence	 of	 differences	 in	 dispersal).	 At	 Y	
chromosome	 markers,	 promiscuity,	 polyandry,	 polygyny	 and	 the	 number	 of	 males	





Dispersal	had	 the	 largest	 impact	on	 the	magnitude	and	direction	of	 fine-scale	genetic	
structure	and	generally	outweighed	any	influence	of	the	mating	system.	High	dispersal	
created	 low	or	no	positive	genetic	 spatial	autocorrelation	across	all	marker	 types	and	
removed	 the	 effect	 of	 mating	 system	 on	 genetic	 structure	 differences	 between	 Y	
chromosome	and	mtDNA	markers.	When	male	dispersal	was	high,	but	females	remained	
mostly	 philopatric,	 females	 always	 showed	 higher	 levels	 of	 positive	 genetic	 spatial	
autocorrelation	than	males	(significant	in	95-100%	of	simulations).	Thus,	philopatry	plays	
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an	 important	 role	 in	 allowing	 the	 detection	 of	 genetic	 structure	 developed	 under	
sociality.		
	
Previous	 studies	 have	 demonstrated	 that	 social	 dynamics	 can	 have	 a	 major	
influence	on	the	magnitude	of	population	genetic	structure,	so	long	as	some	degree	of	
philopatry	is	present	(Chesser	1991b;	Dobson	et	al.	1997,	1998;	Storz	1999).	For	example,	
in	 greater	 spear-nosed	 bats,	 one	 successful	 male	 may	 sire	 over	 50	 offspring	 in	 his	
reproductive	lifetime,	whereas	the	majority	of	males	will	never	successfully	reproduce	
(McCracken	&	Bradbury	1981).	 	Despite	 this	extreme	skew	 in	mating	 success,	greater	
spear-nosed	bats	showed	a	relatively	low	level	of	population	differentiation	(FST	=	0.031),	






spear-nosed	 bats	 randomly	 distributed	 genetic	 variation	 across	 the	 total	 population,	
removing	 any	patterns	 of	 population-level	 genetic	 structure	 generated	by	 the	mating	
system.	In	contrast,	female	philopatry	in	red	howler	monkeys	reinforced	the	population-
level	 genetic	 structure	 developed	 under	 polygyny,	 creating	 genetically	 differentiated	
groups	(Storz	1999).	
	
The	 interplay	 between	 dispersal	 and	mating	 strategies	 has	 long	 been	 known	 to	
influence	patterns	of	 genetic	 variation	 (Chesser	1991b;	 Sugg	et	al.	 1996;	 Storz	1999).	









whereas	 male	 philopatry	 would	 reinforce	 mating	 systems	 patterns	 detected	 at	 Y	
chromosome	markers.	Additionally,	polyandry	could	potentially	bring	male	and	female	
structure	together,	reducing	the	difference	in	genetic	structure	between	the	sexes.	While	








of	 antechinus,	 simulation	 findings	 highlight	 that	 patterns	 of	 genetic	 structure	 can	 be	










There	 remains	 potential	 to	 use	 the	 combined	 marker	 approach	 to	 learn	 about	 both	
dispersal	and	mating	behaviour	by	sampling	pre-	and	post-dispersal	 individuals,	as	the	
level	of	genetic	structure	detected	can	vary	dramatically	with	temporal	sampling	(Balloux	
&	 Lugon-Moulin	 2002).	 While	 our	 simulations	 were	 parameterised	 with	 discrete	
generations,	 systems	 with	 overlapping	 generations	 add	 new	 dimensions	 to	 spatial	









dispersal	 individuals	 should	 show	 a	 clear	 pattern	 of	 male-biased	 dispersal	 across	 all	
marker	types	(similar	to	our	F100/M500	scenario).	Additionally,	our	results	indicate	that	
it	 is	 still	 possible	 to	detect	 these	patterns	when	 there	are	different	 levels	of	diversity	
between	marker	types	(Appendix	S3).	
	








dispersal	 and	 mating	 behaviour	 on	 fine-scale	 genetic	 structure	 could	 be	 directly	
compared	and	 these	processes	more	accurately	 inferred	 in	wild	populations.	This	 is	a	
powerful	 approach,	 as	 detecting	 the	 genetic	 signatures	 of	 mating	 and	 dispersal	














AMOVA	 results	 obtained	 from	 an	 entire	 simulated	 landscape	 (5.6	 x	 5.6	 km,	 under	
promiscuity	λ=	3	and	restricted	dispersal),	for	mtDNA	and	Y	chromosome	comparisons	of	
females	and	males.	At	the	population	level,	this	analysis	detected	sex-specific	differences	
in	 genetic	 structure	 similar	 to	 the	 patterns	 shown	by	 spatial	 autocorrelation	 analysis,	
demonstrating	 that	 these	 analyses	 can	 be	 complementary.	 A	 key	 difference	 is	 that	
population-level	 analyses	 typically	 involve	 the	 sampling	of	pre-defined	 sub-population	


















for	 congruence,	except	when	comparing	mtDNA	 to	 the	Y	 chromosome.	However,	 the	
effective	sizes	of	mtDNA	and	Y	chromosome	markers	are	expected	to	be	equal,	as	both	
are	haploid	and	lack	recombination	(Petit	et	al.	2002).	Furthermore,	Yannic	et	al.	(2012)	
found	 that	 a	 100-fold	 difference	 in	 mutation	 rates	 between	 mtDNA	 and	 the	 Y	
chromosome	in	their	model	had	negligible	effects	on	their	ability	to	detect	sex-biased	







revealed	 that	 dispersal	 was	 the	 major	 driver	 of	 fine-scale	 genetic	 structure	 across	
maternally,	paternally	and	biparentally	inherited	markers.	When	dispersal	was	restricted,	
the	 mtDNA	 versus	 Y	 chromosome	 comparison	 was	 sensitive	 to	 variation	 in	 mating	
systems.	 Three	 aspects	 of	 mating	 behaviour,	 promiscuity	 (multiple	 sires	 per	 litter),	
polygyny	(multiple	litters	per	sire)	and	reproductive	skew,	caused	changes	in	the	spatial	
structure	of	male	Y	chromosomes	compared	to	female	mtDNA	that	led	to	patterns	similar	
to	 those	expected	under	 sex-biased	dispersal	 in	 some	cases.	 Thus	 caution	 is	 required	
when	inferring	ecological	processes	from	genetic	results.	Nonetheless,	assessing	whether	
female	and	male	patterns	are	congruent	or	different	across	markers	with	different	modes	












Fig.	 1	 Mating	 and	 dispersal	 patterns	 in	 mammals	 vary	 across	 a	 continuum,	 from	
promiscuity	 to	 monogamy,	 and	 philopatry	 to	 high	 dispersal	 (for	 an	 extensive	 list	 of	
examples,	 see	 Appendix	 S1).	 Mating	 systems	 can	 also	 differ	 between	 social	 mating	
systems	 (based	 on	 spatial	 and	 temporal	 relationships)	 compared	 to	 genetic	 mating	
systems	(based	on	the	actual	parentage	of	offspring).	Here,	we	show	an	example	of	the	





















and	 dashed	 (polygyny)	 lines.	 Female	mtDNA	 vs.	male	 Y	 chromosome:	 Step	 2:	 Female	
offspring	 share	 the	 same	 mtDNA	 haplotype	 as	 their	 sisters	 within	 a	 litter,	 but	 are	
genetically	different	to	females	in	other	litters.	Conversely,	male	genetic	structure	at	Y	
chromosome	markers	varies	depending	on	the	mating	system.	Step	3a:	When	dispersal	
is	 restricted	 in	 both	 sexes,	 the	 patterns	 developed	 under	 each	 mating	 system	 are	
maintained.	 Step	 3b:	 Under	 male-biased	 dispersal,	 female	 structure	 remains	 high,	
whereas	male	dispersal	randomly	distributes	Y	chromosome	haplotypes	throughout	the	
population.	 Step	 3c:	 High	 dispersal	 in	 both	 sexes	 randomly	 distributes	mtDNA	 and	 Y	
chromosome	haplotypes	 throughout	 the	population.	Female	mtDNA	vs.	male	mtDNA:	
Step	 2:	No	difference	 in	 genetic	 structure	 is	 detected	when	 comparing	 both	 sexes	 at	
















chromosome	 markers.	 Simulations	 represent	 restricted	 dispersal	 (column	 a:	
F100/M100),	male-biased	dispersal	(column	b:	F100/M500)	and	high	dispersal	(column	















and	 Y	 chromosome	 markers.	 Different	 dispersal	 scenarios	 are	 represented	 in	 panel	
columns	[a)	restricted	dispersal,	b)	male-biased	dispersal	and	c)	high	dispersal].	Mating	
systems	and	levels	of	reproductive	skew	are	shown	on	the	x	axis.	The	vertical	bars	in	the	
centre	of	 each	bean	plot	 show	 the	2.5	 –	97.5	percentiles	of	 the	difference	 in	 r	 value	






















































Monogamy	 0.054	±	0.001	 0.053	±	0.001	 0.038	to	0.074	 0.036	to	0.073	
Polygyny	 0.103	±	0.002	 0.104	±	0.002	 0.077	to	0.141	 0.074	to	0.141	
Promiscuity	(!=3)	 0.058	±	0.001	 0.057	±	0.001	 0.04	to	0.08	 0.04	to	0.078	
Promiscuity	(!=8)	 0.1	±	0.002	 0.1	±	0.002	 0.068	to	0.138	 0.07	to	0.143	
F100M500	
Monogamy	 0.035	±	0.001	 0.003	±	0	 0.023	to	0.051	 -0.004	to	0.01	
Polygyny	 0.059	±	0.001	 0.007	±	0	 0.039	to	0.088	 -0.003	to	0.016	
Promiscuity	(!=3)	 0.033	±	0.001	 0.004	±	0	 0.021	to	0.051	 -0.002	to	0.012	
Promiscuity	(!=8)	 0.058	±	0.001	 0.007	±	0	 0.039	to	0.087	 -0.001	to	0.016	
F500M500	
Monogamy	 0.003	±	0	 0.003	±	0	 -0.003	to	0.009	 -0.002	to	0.008	
Polygyny	 0.004	±	0	 0.004	±	0	 -0.001	to	0.011	 0	to	0.009	
Promiscuity	(!=3)	 0.002	±	0	 0.003	±	0	 -0.004	to	0.008	 -0.003	to	0.008	
Promiscuity	(!=8)	 0.005	±	0	 0.005	±	0	 0	to	0.011	 -0.002	to	0.011	
mtDNA	
F100M100	
Monogamy	 0.111	±	0.003	 0.107	±	0.003	 0.06	to	0.17	 0.06	to	0.181	
Polygyny	 0.148	±	0.004	 0.145	±	0.004	 0.079	to	0.246	 0.072	to	0.224	
Promiscuity	(!=3)	 0.137	±	0.003	 0.142	±	0.004	 0.082	to	0.21	 0.071	to	0.234	
Promiscuity	(!=8)	 0.255	±	0.007	 0.255	±	0.007	 0.142	to	0.4	 0.135	to	0.382	
F100M500	
Monogamy	 0.113	±	0.003	 0.016	±	0.001	 0.066	to	0.169	 -0.002	to	0.039	
Polygyny	 0.142	±	0.004	 0.023	±	0.002	 0.074	to	0.235	 -0.008	to	0.065	
Promiscuity	(!=3)	 0.15	±	0.005	 0.026	±	0.002	 0.073	to	0.239	 -0.003	to	0.055	
Promiscuity	(!=8)	 0.283	±	0.007	 0.046	±	0.003	 0.133	to	0.413	 0.004	to	0.106	
F500M500	
Monogamy	 0.005	±	0.001	 0.005	±	0.001	 -0.01	to	0.02	 -0.011	to	0.024	
Polygyny	 0.006	±	0.001	 0.004	±	0.001	 -0.013	to	0.024	 -0.015	to	0.019	
Promiscuity	(!=3)	 0.004	±	0.001	 0.004	±	0.001	 -0.014	to	0.026	 -0.011	to	0.022	




Monogamy	 0.111	±	0.003	 0.096	±	0.003	 0.06	to	0.17	 0.051	to	0.152	
Polygyny	 0.148	±	0.004	 0.214	±	0.006	 0.079	to	0.246	 0.118	to	0.336	
Promiscuity	(!=3)	 0.137	±	0.003	 0.087	±	0.003	 0.082	to	0.21	 0.032	to	0.16	
Promiscuity	(!=8)	 0.255	±	0.007	 0.111	±	0.004	 0.142	to	0.4	 0.055	to	0.194	
F100M500	
Monogamy	 0.113	±	0.003	 0.006	±	0.001	 0.066	to	0.169	 -0.02	to	0.028	
Polygyny	 0.142	±	0.004	 0.011	±	0.001	 0.074	to	0.235	 -0.015	to	0.037	
Promiscuity	(!=3)	 0.15	±	0.005	 0.005	±	0.001	 0.073	to	0.239	 -0.017	to	0.028	
Promiscuity	(!=8)	 0.283	±	0.007	 0.009	±	0.001	 0.133	to	0.413	 -0.014	to	0.036	
F500M500	
Monogamy	 0.005	±	0.001	 0.005	±	0.001	 -0.01	to	0.02	 -0.014	to	0.026	
Polygyny	 0.006	±	0.001	 0.008	±	0.001	 -0.013	to	0.024	 -0.012	to	0.028	
Promiscuity	(!=3)	 0.004	±	0.001	 0.005	±	0.001	 -0.014	to	0.026	 -0.009	to	0.021	
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Mean autocorrelation r values generated from 100 simulations, shown for males and females in the 
first distance class (0-100 m) for a promiscuous mating system (λ = 3). The effect of varying the number 
of loci, alleles and haplotypes on the mean autocorrelation r value is shown under restricted dispersal 
and sex-biased dispersal for autosomal, mtDNA and Y chromosome markers. Error bars around the 
autocorrelation r values represent the standard error around the mean. In general, the mean r values 
do not change substantially as the number of loci, alleles and haplotypes increase. However, the 
standard error decreases slightly when more markers are used. This means that spatial autocorrelation 
is fairly robust to differences in diversity among marker types. However, the sensitivity of spatial 
autocorrelation to detect significant positive genetic structure, or significant differences in structure 
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Mean autocorrelation r values generated from 100 simulations, shown for males 
and females in the first distance class (0-100 m) under a promiscuous mating 
system (λ = 3). The effect of having a different number of Y chromosome versus 
mtDNA haplotypes on the mean autocorrelation r value is shown under restricted 
dispersal and sex-biased dispersal. Error bars around the autocorrelation r values 
represent the standard error around the mean. Again, comparing different 
numbers of haplotypes between males and females at Y chromosome versus 
mtDNA markers does not substantially change the mean r values and overall 
pattern of fine-scale genetic structure among the sexes. However, the standard 
error decreases slightly with more haplotypes, thus the power to detect differences 
between the sexes may be impacted. 
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Appendix S4
Distance searched to find a mate by females and males under each mating system. Distributions and summary statistics across 10 simulations, for all 







































Dispersal distances for all individuals in the simulation landscape, across 10 simulations (n = 
157000), when the mean dispersal distance was set to 100 meters versus 500 meters. Dispersal 


























































































Autocorrelation r values for 100 simulations, shown for females and males in the first distance class 
(0-100m) over 100 generations. Simulations were carried out under restricted dispersal 
(F100/M100) and sex-biased dispersal (F100/M500) for a promiscuous mating system (λ = 3) across 












Mean, variance and standard error for the number of offspring produced per female and 
male under each mating system, across 100 simulations (nfemales = 785000, nmales = 785000). 
Statistics were calculated based on: 1) only those individuals that successfully reproduced 
and 2) all individuals in the simulation landscape (including the individuals that produced 
0 offspring). 
 
    Successful Individuals Only 
All Individuals (Including 
Unsuccessful) 
Mating System Summary Statistic Females Males Females Males 
Promiscuity L3 
Mean 3.15 2.61 2.00 2.00 
Variance 2.65 2.82 3.99 3.38 
Standard Error 0.00 0.00 0.00 0.00 
Promiscuity L8 
Mean 7.58 3.13 2.00 2.00 
Variance 4.67 4.42 12.40 5.09 
Standard Error 0.00 0.00 0.00 0.00 
Monogamy 
Mean 3.02 3.02 1.90 1.90 
Variance 2.48 2.48 3.69 3.69 
Standard Error 0.00 0.00 0.00 0.00 
Polygyny 
Mean 3.16 4.55 2.01 2.01 
Variance 2.65 9.43 3.99 9.26 










Mean, variance and standard error for the number of parents under each mating system, 
across 100 simulations (nfemales = 785000, nmales = 785000), as well as the percent of 
individuals that did/did not reproduce. 
 
Mating System Statistic Females Males 
Promiscuity L3 
Mean 4978.31 6014.34 
Variance 1258.44 1834.79 
Standard Error 3.55 4.28 
% of individuals that successfully reproduced 31.71 38.31 
% of individuals that did not reproduce 68.29 61.69 
Promiscuity L8 
Mean 2070.47 5008.00 
Variance 145.20 2102.67 
Standard Error 1.20 4.59 
% of individuals that successfully reproduced 13.19 31.90 
% of individuals that did not reproduce 86.81 68.10 
Monogamy 
Mean 4933.92 4933.92 
Variance 1189.61 1189.61 
Standard Error 3.45 3.45 
% of individuals that successfully reproduced 31.43 31.43 
% of individuals that did not reproduce 68.57 68.57 
Polygyny 
Mean 4974.53 3450.76 
Variance 1521.20 1108.08 
Standard Error 3.90 3.33 
% of individuals that successfully reproduced 31.68 21.98 







































































































































































Number of offspring produced by females and males under each mating system. Distributions across 100 simulations, including all individuals in the 
simulation landscape (n = 1570000).









Y Chromosome vs. mtDNA



































a) Promiscuity λ = 3
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Pyramid plots showing the proportion of simulations where female and male 95% bootstrap confidence intervals did not overlap (indicating a 
significant difference in fine-scale genetic structure among the sexes). Mating systems and reproductive skew are shown in the panel columns 
a) – d) and dispersal scenarios  are shown for autosomal, mtDNA and Y chromosome markers across the panel rows [1. restricted dispersal, 2. 
male-biased dispersal and 3. high dispersal]. F > M represents simulations where female structure was significantly greater than male structure, 
while M > F represents males having significantly greater structure than females (R package: Lemon J (2006) Plotrix: a package in the red light 












Evaluating population genetic patterns across 
molecular markers, alignment methods and SNP 























We	 found	 that	 both	 bioinformatic	 pipelines	 and	 filtering	 can	 impact	 population	
genetic	results.	Estimates	of	within	population	diversity	(observed	heterozygosity	and	FIS)	
varied	 between	 different	 bioinformatic	 pipelines	 and	 filtering	 strategies.	 In	 contrast,	
differentiation	 among	 populations	 (FST	 and	 its	 analogues)	 and	 distance-based	metrics	
were	 robust.	 These	 results	 demonstrate	 the	 importance	 of	 understanding	 how	






The	 increasing	 availability	 of	 cost-effective,	 commercially	 available	 Next-Generation	
Sequencing	(NGS)	data	has	transformed	the	application	of	genetics	in	the	field	of	ecology	
(Allendorf	 et	 al.	 2010,	 Funk	 et	 al.	 2012).	 Fundamental	 questions	 about	 dispersal	 and	









for	 decades,	 however,	 they	 have	 largely	 been	 replaced	 by	 Single	 Nucleotide	
Polymorphisms	(SNPs)	(Maguire	et	al.	2002,	Steiner	et	al.	2013).	Microsatellite	markers	
are	 multi-allelic,	 making	 them	 particularly	 efficient	 for	 exploring	 population	 genetic	
questions	(Hedrick	1999,	Maguire	et	al.	2002).	SNPs	are	typically	bi-allelic,	meaning	that	
the	 information	 content	of	each	 locus	 is	 low.	However,	NGS	 studies	make	up	 for	 low	
polymorphism	 by	 using	 thousands	 to	 hundreds	 of	 thousands	 of	 SNP	 loci	 across	 the	
genome	(Cappa	et	al.	2016).	SNPs	can	be	used	to	tackle	additional	questions	not	possible	
using	microsatellites,	such	as	identifying	adaptive	genetic	variation	(Allendorf	et	al.	2010).	
However,	 it	 is	 important	 to	 understand	 if	 and	 how	 results	 differ	 between	 SNPs	 and	
microsatellite	markers	for	population	genetic	analyses.	
	
Microsatellite	 markers	 are	 specifically	 targeted	 through	 the	 use	 of	 primers,	
whereas	SNPs	can	be	obtained	through	a	number	of	NGS	techniques.	Among	the	most	
popular	for	ecological	studies	are	reduced	representation	approaches	(Torkamaneh	et	al.	





adapters	 (for	 sequencing	 on	 NGS	 platforms)	 and	 unique	 barcodes	 (for	 individual	
identification,	allowing	samples	to	be	multiplexed),	then	amplified	through	PCR	(Andrews	











has	 demonstrated	 that	 SNP	 calling	 and	 some	 parameter	 estimates	 vary	 substantially	
across	pipelines,	with	large	differences	observed	between	de	novo	and	reference-based	
approaches	(Shafer	et	al.	2017).	Thus,	more	research	is	needed	to	fully	understand	how	




















genetic	 parameters,	 it	 is	 also	 important	 to	 recognise	 the	 opportunities	 provided	 by	
comparing	 patterns	 at	 genetic	 markers	 with	 different	 inheritance	 modes.	 In	 fact,	
mitochondrial	 (mtDNA)	 and	 Y	 chromosome	markers	 have	 the	 potential	 to	 provide	 a	
different	perspective	to	autosomal	SNPs	and	microsatellites	altogether	(Allendorf	et	al.	
2010;	discussed	in	chapter	2:	Shaw	et	al.	2018).	These	haploid	markers	do	not	go	through	
recombination	 (or	 have	 non-recombining	 regions)	 and	 are	 inherited	 from	one	 parent	
only.	This	means	that	they	can	give	us	a	sex-specific	perspective	on	gene	flow	over	longer	
time	scales	 (Petit	et	al.	2002,	Lawson	Handley	and	Perrin	2007).	 In	mammals,	mtDNA	
markers	 are	 maternally	 inherited,	 whereas	 Y	 chromosome	 markers	 are	 paternally	
inherited.	While	mtDNA	has	been	used	in	population	genetics	for	many	years	(Sunnucks	
2000,	 Hedrick	 et	 al.	 2013),	 NGS	 is	making	 the	 addition	 of	 Y	 chromosome	markers	 to	





Here,	 we	 compare	 an	 empirical	 dataset	 comprising	 microsatellite	 genotypes,	
mitochondrial	 DNA	 sequences	 and	 DArTseqTM	 autosomal	 and	 Y	 chromosome	 SNP	
genotypes,	across	a	common	set	of	individuals.	We	also	compare	SNPs	called	using	both	
the	 proprietary	 DArT	 de	 novo	 approach	 (Kilian	 et	 al.	 2012,	 Cruz	 et	 al.	 2013),	 and	 a	
reference-based	 approach	 (Li	 et	 al.	 2009).	 Using	 a	 case	 study	 of	 a	 native	 Australian	
rodent,	 the	 pale	 field-rat	 (Rattus	 tunneyi),	 from	 the	 Kimberley	 region	 of	 Western	




This	 type	 of	 information	 is	 becoming	 increasingly	 important,	 as	 pale	 field-rats	 are	
declining	 across	 much	 of	 their	 range	 and	 demographic	 information	 could	 be	 vital	 in	
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an	 average	 annual	 rainfall	 of	 750	 mm	 (Bureau	 of	 Meteorology).	 The	 study	 area	 is	
dominated	by	open	savanna	woodlands,	made	up	of	tussock	and	hummock	grasses	with	








field-rats	 make	 extensive,	 shallow	 burrows	 in	 sandy	 soils	 covering	 areas	 up	 to	
approximately	20m2	(Braithwaite	and	Griffiths	1996).	Home	range	size	is	larger	in	males	









rolled	 oats	 and	 peanut	 butter	 late	 in	 the	 afternoon	 and	 cleared	 before	 sunrise	 the	
following	day.	Ear	tissue	was	collected	from	92	unique	individuals	(RS02:	n=	29,	RS03:	n=	
30	and	RS05:	n=	33)	and	stored	in	70%	ethanol.	After	determining	the	individual’s	sex	and	












We	genotyped	 all	 pale	 field-rats	 across	 8	 autosomal	microsatellite	 loci,	 using	 primers	
originally	developed	 for	other	Rattus	species.	We	 tested	32	primer	pairs,	12	of	which	

















by	 Peakall	 et	 al.	 (2006),	 17	 either	 failed	 to	 amplify	 or	 could	 not	 be	 reliably	 scored.	












PstI	 and	 SphI	 were	 selected.	 After	 digestion,	 adapter	 ligation	 and	 PCR	 amplification,	
samples	 were	 run	 in	 a	 single	 lane	 on	 an	 Illumina	 Hiseq2500,	 and	 sequenced	 at	





Sequences	were	 processed	 (including	 read	 assembly,	 quality	 control	 and	 SNP	 calling)	
through	DArTseqTM	proprietary	 analytical	 pipelines.	 This	pipeline	 includes	 filtering	out	
poor	quality	sequences,	and	stringent	selection	criteria	for	the	barcode	region	of	each	
sequence	 (enabling	 the	 reliable	 assignment	 of	 sequences	 to	 individuals).	 Identical	
sequences	are	then	collapsed	and	used	in	a	secondary	pipeline	including	a	proprietary	
SNP	 calling	 algorithm	 (DArTsoft14)	 (Melville	 et	 al.	 2017).	 Finally,	 the	 sequences	









We	 identified	 three	main	 themes	 for	 filtering	 SNP	 genotypes,	 to	 obtain	 a	 set	 of	 loci	
appropriate	for	fine-scale	population	genetic	analyses.	These	included	data	quality,	allele	
frequencies	 and	 linkage	 disequilibrium.	 Data	 quality	 filters	 focused	 on	 missing	 data,	
reproducibility	and	read	depth,	while	frequency	filters	 included	minor	allele	frequency	










































SNPs	 (removing	 99,760	 SNPs).	 We	 also	 removed	 any	 SNPs	 that	 mapped	 to	 the	 sex	
chromosomes,	as	well	as	any	unmapped	SNPs.	We	then	used	the	vcfR	package	to	visualise	





likelihoods	 from	 the	 final	 VCF	 generated	 above.	 Genotype	 likelihoods	 are	 particularly	
useful	 for	 low	 to	medium	depth	NGS	data,	as	 they	are	determined	using	probabilistic	
algorithms	 that	 incorporate	 the	 error	 introduced	 during	 base	 calling,	 alignment	 and	
assembly	 (Nielsen	et	al.	2011).	We	generated	ANGSD	genotypes	 from	these	genotype	
likelihoods,	 using	 a	 uniform	 prior.	We	 called	 genotypes	 using	 two	 different	 posterior	
probability	 cutoffs	 (0.95	 and	 0.8,	with	 samples	 below	 this	 threshold	 listed	 as	missing	











filter	 on	mean	 depth	 specifically.	We	were	 also	 unable	 to	 filter	 on	 reproducibility,	 as	
technical	replicates	that	are	run	with	DArTseq	were	not	available	for	this	method.	This	
meant	 that	 direct	 replication	 of	 the	 DArTseq	method	was	 not	 possible.	 Due	 to	 large	
amounts	of	missing	data,	we	had	to	use	a	more	relaxed	missing	data	threshold	of	25%	for	








DNA	 sequencer.	 The	 raw	 sequences	 were	 edited	 and	 aligned	 in	 Geneious	 Pro	 6.1.4	
(Biomatters)	 and	 the	 three	 sequences	 were	 concatenated	 to	 distinguish	 mtDNA	
	80	
haplotypes,	 with	 the	 resulting	 sequence	 477	 base	 pairs	 in	 length	 (including	 79	
polymorphic	sites).	
	



















types	 using	 the	 software	 package	 GenAlEx	 6.5	 (Peakall	 and	 Smouse	 2006,	 2012).	 At	






For	both	DArTseq	and	 reference-based	SNPs,	we	 tallied	 the	number	of	SNPs	 retained	
under	each	of	the	three	filtering	criteria,	and	for	the	total	filtered	datasets.	In	order	to	
get	 a	 broad	 overview	 of	 patterns	 of	 heterozygosity	 within	 and	 among	 populations	
(relative	to	Hardy-Weinberg	expectations)	and	to	estimate	inbreeding,	we	calculated	FIS	
		 81	
(without	 bias	 corrections;	 Nei	 1977)	 across	 all	 DArTseq	 and	 reference-based	 (high	












population	 genetic	 structure	 was	 significantly	 different	 from	 zero,	 and	 if	 it	 differed	
significantly	 between	 the	 sexes,	 95%	confidence	 intervals	were	 calculated	using	1000	


























We	 investigated	 fine-scale	 spatial	 genetic	 structure	 in	 pale	 field-rats	 by	 exploring	 the	
relationship	 between	 genetic	 and	 geographical	 distance,	 using	 multilocus	 spatial	
autocorrelation	analysis	in	GenAlEx	6.5	(Peakall	and	Smouse	2006,	2012).	This	distance-
based	method	allows	any	data	 type	 to	be	used	 (multilocus	allelic	 genotypes,	bi-allelic	
SNPs	 or	 haplotypes,	 explored	 in	 Chapter	 2:	 Shaw	 et	 al.	 2018),	 estimating	 the	
autocorrelation	coefficient,	r,	for	individuals	over	specified	distance	classes	(Smouse	and	
Peakall	1999,	Peakall	et	al.	2003,	Double	et	al.	2005,	Banks	and	Peakall	2012,	Blyton	et	al.	















the	mean	number	of	 alleles	 (±SE)	over	all	 loci	was	13.46	±0.91	 (Table	1).	An	average	


























heterozygosity	 relative	 to	 expected	 heterozygosity,	 resulting	 in	 these	 SNPs	 deviating	
significantly	 from	Hardy	Weinberg	 expectations	 (Figure	 2).	When	 applying	 the	quality	




shown	 in	 Figure	 3a).	 The	 linkage	disequilibrium	 filter	 removed	33%	of	 SNPs	 from	 the	
unfiltered	dataset.	However,	it	is	important	to	note	that	while	many	of	these	SNPs	were	






dataset,	 filtering	by	 frequency,	 LD	and	quality	 reduced	mean	FIS	 (0.168	±0.001,	0.357	
±0.002	 and	 0.173	 ±0.002,	 respectively;	 Figure	 3b).	 This	 reduction	 in	 FIS	 was	 more	
dramatic	for	the	quality	and	frequency	filters	than	the	LD	filter,	revealing	that	missing	















The	 distribution	 of	 FIS	 values	 for	 the	 reference-based	 SNPs	 varied	 under	 the	
different	filtering	criteria	(Figure	3b).	Across	the	high	confidence	SNPs,	mean	FIS	for	the	





dataset	were	 higher	 than	 both	 the	 high	 confidence	 reference-based	 dataset	 and	 the	
















Jost’s	Dest	were	an	order	of	magnitude	higher	 than	GST	 (G’’ST:	 females=	0.171,	males=	
0.096;	Jost’s	Dest:	females=	0.153,	males=	0.087;	GST:	females=	0.014,	males=	0.007),	as	




In	 contrast	 to	 microsatellite	 markers,	 the	 difference	 in	 population	 genetic	 structure	












found	 for	DArTseq	 SNPs,	 95%	 confidence	 intervals	 increased,	 resulting	 in	 overlapping	
confidence	 intervals	 between	 the	 sexes	 (Figure	 4).	 The	 level	 of	 population	 genetic	
structure	 measured	 across	 the	 high	 confidence	 reference-based	 SNPs	 (GST:	 females=	
0.013,	males=	 0.008;	G’’ST:	 females=	 0.026,	males=	 0.017;	 Jost’s	Dest:	 females=	 0.006,	
males=0.004)	was	lower	than	that	found	across	the	low	confidence	reference-based	SNPs	














for	 pairwise	 comparisons	 to	 RS03,	 which	 was	 also	 the	 most	 geographically	 distant	
population.	 Surprisingly,	 while	 comparatively	 lower	 levels	 of	 genetic	 structure	 were	
found	 when	 comparing	 RS02	 and	 RS05	 (compared	 to	 that	 found	 for	 RS03),	 these	







































All	 markers	 showed	 clear	 correlations	 when	 individual	 comparisons	 of	 genetic	
distances	were	within	 sites	 (<1000m),	 and	 thus	were	 all	 able	 to	 detect	 high	 levels	 of	























Common	 methods	 for	 SNP	 genotyping	 involve	 reduced	 representation	 library	
preparation	 from	multiple	 barcoded	 individuals	 followed	by	NGS.	 These	methods	 can	
identify	up	to	hundreds	of	thousands	of	likely	SNPs,	but	stringent	filtering	is	required	if	















(Cappa	 et	 al.	 2016).	 However,	 the	 discrepancy	 in	 average	 heterozygosity	 between	
DArTseq	and	reference-based	SNPs	was	surprising,	given	all	were	generated	using	the	






reference-based	 SNP	dataset,	 as	 individual	 genotypes	with	 low	posterior	 probabilities	
(due	to	low	quality	bases	or	low	individual	read	depth)	were	instead	included	as	missing	
data.	Unfortunately,	the	proprietary	nature	of	DArTseq	means	that	it	is	not	possible	to	






reduced	 representation	 studies).	 Either	 heterozygotes	 are	 underrepresented	 or	 too	
many	false	SNPs	are	included	in	the	dataset	(Nielsen	et	al.	2012).	This	is	because,	with	
low	 read	depth,	 there	are	 very	 few	 sequences	with	which	 to	 call	 a	heterozygote.	 For	
example,	if	a	heterozygous	individual	has	10	reads	at	a	SNP	locus,	ideally	they	should	have	
5	copies	of	each	allele.	However,	it	is	also	possible	that	only	one	copy	of	the	SNP	and	nine	
copies	 of	 the	 reference	 allele	 will	 be	 present.	 Thus,	 bioinformatic	 pipelines	 must	
determine	 if	 polymorphisms	 represent	 genuine	 heterozygotes,	 or	 sequencing	 error.	



























this	 filter,	 the	majority	 of	 SNPs	were	 removed	 due	 to	 excess	missing	 data.	 Observed	
heterozygosity	appeared	to	be	negatively	correlated	with	the	percentage	of	missing	data	
(Figure	2),	suggesting	that	this	factor	can	greatly	influence	population	diversity	estimates.	
The	 amount	 of	 missing	 data	 can	 vary	 across	 different	 methods	 and	 bioinformatic	







Estimates	 of	 population	 genetic	 structure	 (GST,	 G’’ST,	 Dest	 and	 ΦPT)	 varied	 over	 the	
different	marker	 types.	 In	general,	microsatellites,	DArTseq	SNPs	and	reference-based	
SNPs	 revealed	 low,	 but	 significant	 population	 structure	 for	 both	 females	 and	 males.	
Higher	levels	of	population	structure	were	detected	in	females	than	males.	However,	this	
difference	 was	 only	 significant	 at	 the	 DArTseq	 SNPs.	 This	 is	 likely	 due	 to	 the	 higher	
number	of	SNPs	retained	after	filtering	the	DArTseq	dataset	(compared	to	the	reference-
based	 datasets),	 resulting	 in	 tighter	 confidence	 intervals	 about	 the	 estimates.	 The	
DArTseq	results	are	consistent	with	previous	work	that	found	SNPs	can	provide	greater	




Low	 levels	 of	 population	 genetic	 structure	 were	 also	 found	 at	 mtDNA	 and	 Y	
chromosome	markers.	Uniparentally	 inherited	markers	 are	 expected	 to	 have	 half	 the	
effective	population	size	of	biparentally	inherited	markers,	meaning	they	typically	display	
larger	 magnitudes	 of	 population	 genetic	 structure.	 Thus,	 the	 low	 magnitude	 of	FPT	
estimates	 across	 both	 uniparentally	 and	 biparentally	 inherited	markers	 suggests	 that	
















markers	 and	 did	 not	 reveal	 significant	 patterns	 of	 male-biased	 dispersal.	 Similarly,	
Hohenlohe	 et	 al.	 (2010)	 found	 reduced	 levels	 of	 within	 population	 diversity	 and	
population	differentiation	in	a	study	of	threespine	sticklebacks	(Gasterosteus	aculeatus),	







&	 Chesser	 1983)	 is	 the	 most	 widely	 used	 statistic	 for	 investigating	 population-level	
genetic	 structure,	 it	 is	 highly	 dependent	 on	 the	 average	 heterozygosity	 within	
populations	 (HS).	 This	 lead	 to	 the	development	of	G’’ST	 (Hedrick	2005,	Meirmans	and	








using	 these	 metrics,	 male	 population	 genetic	 structure	 increased	 so	 that	 confidence	
intervals	no	longer	overlapped	zero.	Heller	&	Siegismund	(2009)	used	a	meta-analysis	to	
demonstrate	 that	 the	 magnitude	 of	 GST	 was	 consistently	 lower	 than	 Dest.	 They	 also	
showed	that	G’’ST	is	more	comparable	to	Dest,	especially	when	markers	show	high	HS.	Our	
microsatellite	 results	 certainly	 reflect	 these	 patterns.	 However,	 the	 variance	 is	 much	




A	 Mantel	 test	 of	 pairwise	 individual	 genetic	 distances	 showed	 significant,	 positive	
correlations	 between	 all	 autosomal	 markers	 (compared	 to	 null	 expectations).	
Furthermore,	 pairwise	 genetic	 distances	 at	 DArTseq	 SNPs	 more	 closely	 reflected	
		 93	
geographic	 relationships	 than	 the	 other	 markers,	 suggesting	 this	 dataset	 has	 higher	




over	a	 spatial	 scale	of	100m	across	DArTseq	SNPs	and	microsatellite	markers.	 Female	
fine-scale	genetic	structure	was	greater	than	that	found	for	males	across	all	autosomal	
markers.	 However,	 again	 the	 DArTseq	 SNPS	 showed	 higher	 resolution	 to	 detect	
significant	patterns	at	 this	 fine	scale,	showing	significant	structure	 for	both	males	and	
females.	The	large	confidence	intervals	and	a	lack	of	significant	difference	in	sex-specific	
structure	may	reflect	a	lack	of	power	to	detect	such	patterns.	However,	mostly	consistent	
















add	 to	 a	 growing	 body	 of	 research	 highlighting	 the	 strong	 impact	 that	 bioinformatic	
processing	can	have	on	downstream	analyses,	particularly	diversity	estimates	such	as	FIS	
(Schilling	et	al.	2014,	Shafer	et	al.	2017).	Importantly,	we	found	that	population-level	and	
distance-based	metrics	were	 fairly	 robust	 to	 the	different	bioinformatic	pipelines	 and	
filtering.	However,	there	was	a	trade-off	between	conservative	SNP	calling	and	a	loss	of	












Table	 1.	 Summary	 statistics	 (±	 standard	 error)	 across	 marker	 types	 and	 pale	 field-rat	









RS02	 RS03	 RS05	 Total	
	 	 N	 29	 30	 33	 92	
Microsatellites	 8	
NA	 14.12	±1.737	 12.62	±1.603	 13.62	±1.546	 13.46	±0.909	
HO	 0.83	±0.038	 0.85	±0.039	 0.90	±0.018	 0.86	±0.020	
HE	 0.87	±0.018	 0.86	±0.018	 0.87	±0.019	 0.87	±0.010	
F	 0.05	±0.029	 0.02	±0.038	 -0.03	±0.019	 0.01	±0.018	
DArTseq	SNPs	
(Bi-allelic)	 3763	
HO	 0.25	±0.002	 0.25	±0.002	 0.25	±0.002	 0.25	±0.001	
HE	 0.28	±0.002	 0.28	±0.002	 0.28	±0.002	 0.28	±0.001	





HO	 0.19	±0.005	 0.19	±0.005	 0.19	±0.005	 0.19	±0.003	
HE	 0.25	±0.005	 0.24	±0.005	 0.24	±0.006	 0.24	±0.003	





HO	 0.14	±0.002	 0.14	±0.002	 0.14	±0.002	 0.14	±0.003	
HE	 0.21	±0.003	 0.21	±0.003	 0.21	±0.003	 0.21	±0.003	
F	 0.26	±0.007	 0.26	±0.007	 0.27	±0.007	 0.26	±0.006	
mtDNA	 1	
NH	 7	 5		 4	 5.33	±0.882	
HD	 0.75	 0.64	 0.57	 0.65	±0.052	
Y	chromosome	
(males)	 1	
NH	 5		 4	 5	 4.67	±0.333	
















































Figure	 4.	 Estimates	 of	 population	 differentiation	 across	
pale-field	 rat	 populations	 for	 the	 autosomal	 molecular	
markers,	 measured	 using	 a	 number	 of	 common	 metrics.	






















Figure	6.	Mantel	 tests	 for	matrix	 correspondence	of	pairwise	 individual	genetic	distances	
calculated	 across	 autosomal	 markers	 (microsatellites,	 DArTseq	 SNPs,	 high	 confidence	
reference-based	SNPs	and	low	confidence	reference-based	SNPs).	Statistical	significance	was	
determined	with	 1000	 random	permutations.	 Colours	 represent	 the	 geographic	 distance	
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Population	 Locus	 NA	 HO	 HE	 F	
RS02	 D2RAT118	 17.000	 0.759	 0.825	 0.080	
		 D8Rat123	 14.000	 0.931	 0.913	 -0.020	
		 G3	 23.000	 0.963	 0.938	 -0.027	
		 D15RAT123	 15.000	 0.862	 0.894	 0.035	
		 RfgO6	 11.000	 0.759	 0.877	 0.135	
		 RfgW6	 7.000	 0.731	 0.781	 0.064	
		 RfgL3	 16.000	 0.966	 0.905	 -0.067	
		 RfgL5	 10.000	 0.708	 0.859	 0.175	
RS03	 D2RAT118	 16.000	 0.897	 0.900	 0.004	
	 D8Rat123	 13.000	 0.893	 0.881	 -0.014	
	 G3	 21.000	 0.967	 0.928	 -0.042	
	 D15RAT123	 12.000	 0.867	 0.856	 -0.012	
	 RfgO6	 10.000	 0.655	 0.860	 0.238	
	 RfgW6	 7.000	 0.700	 0.782	 0.105	
	 RfgL3	 14.000	 0.933	 0.890	 -0.049	
	 RfgL5	 8.000	 0.867	 0.786	 -0.102	
RS05	 D2RAT118	 14.000	 0.818	 0.875	 0.065	
		 D8Rat123	 16.000	 1.000	 0.917	 -0.091	
		 G3	 21.000	 0.939	 0.923	 -0.018	
		 D15RAT123	 16.000	 0.939	 0.910	 -0.032	
		 RfgO6	 9.000	 0.879	 0.828	 -0.061	
		 RfgW6	 8.000	 0.839	 0.775	 -0.082	
		 RfgL3	 15.000	 0.939	 0.900	 -0.043	
		 RfgL5	 10.000	 0.818	 0.844	 0.030	
Total	 D2RAT118	 15.667	 0.824	 0.867	 0.050	
	 D8Rat123	 14.333	 0.941	 0.903	 -0.041	
	 G3	 21.667	 0.956	 0.929	 -0.029	
	 D15RAT123	 14.333	 0.889	 0.887	 -0.003	
	 RfgO6	 10.000	 0.764	 0.855	 0.104	
	 RfgW6	 7.333	 0.756	 0.780	 0.029	
	 RfgL3	 15.000	 0.946	 0.898	 -0.053	




















Habitat preferences, fire response and recovery in 





detailed	 understanding	 of	 how	 animal	 populations	 recover	 after	 fire.	 In	 Australia’s	
northern	 savannas,	 small	 mammal	 populations	 are	 collapsing.	 Evidence	 suggests	 the	
interaction	between	altered	fire	regimes	and	other	key	threats	is	responsible	for	these	






rodent,	 the	 pale	 field-rat.	 Fire	 treatments	 were	 used	 to	 approximate	 low	 intensity	
management	burns	(patchy	fires)	and	high	intensity	wildfires	(thorough	fires).	We	used	
generalized	 linear	 mixed	 models	 to	 determine	 habitat	 associations,	 characterise	 the	




the	 proportion	 of	 recaptures	 significantly	 declining	 with	 increasing	 fire	 extent.	
Furthermore,	pale	field-rat	habitat	preferences	remained	consistent	before	and	after	fire.	
Both	pale	field-rat	populations	and	the	vegetation	completely	recovered	one	year	after	





Our	 study	 suggests	 that	 pale	 field-rat	 persistence	 in	 the	 post-fire	 landscape	 is	
strongly	dependent	on	the	size	and	spatial	pattern	of	fires,	along	with	the	presence	of	
suitable	 remaining	 habitat	 (a	 combination	 of	 both	 long	 unburnt	 habitat	 and	 specific	
vegetation	types).	Thus,	fire	management	strategies	aiming	to	reduce	the	incidence	of	
extensive	wildfires	and	 increase	 fine-grained	patchiness	will	 likely	 facilitate	population	





Ecological	 disturbance	 is	 a	 key	 driver	 of	 biodiversity,	 shaping	 the	 structure	 of	
communities,	 species	distributions	 and	population	abundance	 (Turner	2010).	 Fire	 is	 a	
major	 disturbance	 agent	 globally	 and	 an	 important	 regulator	 of	 animal	 and	 plant	
populations,	being	particularly	frequent	in	savanna	landscapes	(Bond	and	Keeley	2005,	
Harris	et	al.	2008).	Altered	 fire	 regimes	can	change	ecosystem	structure	and	 increase	
extinction	risk	for	many	species	(Kelly	et	al.	2011,	Lindenmayer	et	al.	2011).	Thus,	 fire	









histories	 across	 the	 landscape	 (Russell-Smith	 et	 al.	 2003,	 Parr	 and	 Andersen	 2006).	
However,	since	European	colonisation	and	increasing	pastoralism,	there	has	been	a	shift	
towards	much	 larger,	 frequent	 and	 intense	wildfires	 occurring	 late	 in	 the	 dry	 season	









cattle)	and	predation	by	 feral	cats	 (Felis	catus)	are	now	recognised	as	 the	key	 threats	
driving	widespread	small	mammal	declines	across	this	region	(Ziembicki	et	al.	2015).	Fire	
reduces	ground	cover	and	the	structural	complexity	of	grass	communities	(McGregor	et	








While	 we	 are	 beginning	 to	 gain	 insight	 into	 the	 mechanisms	 underlying	 fire	
response	 in	 vulnerable	 species,	 research	 that	 focuses	 on	 understanding	 the	 post-fire	
recovery	process	will	be	particularly	valuable.	A	key	question	yet	to	be	answered	is:	how	































iv) How	 is	 the	 proportion	 of	 recaptures	 affected	 by	 fires	 covering	 different	 spatial	
scales?		
We	 performed	 a	 capture-mark-recapture	 study	 of	 pale	 field-rats	 over	 three	












monsoonal,	 with	 an	 average	 annual	 rainfall	 of	 750	 mm	 that	 falls	 mainly	 between	
December–February	(Bureau	of	Meteorology).	This	320,000	ha,	former	pastoral	station	
is	managed	for	conservation	by	the	Australian	Wildlife	Conservancy	(AWC).	In	2004-2005,	



























usually	 occurs	 in	 the	 first	 6-8	 months	 of	 each	 year,	 with	 the	 peak	 breeding	 period	
between	March-April	(Taylor	and	Calaby	2004).	It	is	unlikely	that	many	individuals	survive	
















low	 intensity	 fires	at	two	sites,	 to	approximate	early	dry	season	prescribed	burns	that	
affected	 less	 than	50%	of	 the	site.	The	 low	 intensity	 fires	occurred	 in	cool	conditions,	
during	 the	 evening	 in	 late	 March	 and	 early	 April,	 before	 the	 grass	 layer	 had	 cured	
(hereafter	 referred	 to	 as	 patchy	 fires).	 At	 a	 further	 three	 sites,	 we	 carried	 out	 high	





sites	 where	 the	 original	 control	 was	 burnt	 during	 the	 experiment).	 While	 originally	


























sessions	only)	 for	 individual	 identification	and	marked	with	a	white	paint	pen,	 so	 that	
recaptures	 could	 be	 immediately	 identified	 upon	 subsequent	 capture	 within	 each	
session.	 Females	over	60	 g	 and	males	over	65	 g	were	 classified	 as	 adults	 (Taylor	 and	
Calaby	2004,	Leahy	et	al.	2016).	All	analyses	were	based	on	the	number	of	pale	field-rats	
captured	 that	were	unique	 to	each	session	 (i.e.	excluding	 recaptures	within	sessions).	
However,	recaptures	between	sessions	were	included	in	this	measure	of	abundance.	Pale	









after	 all	 fire	 treatments.	 Photographs	 were	 georeferenced	 and	 stitched	 together	 in	
ARCMAP	(Environmental	System	Research	Institute	Inc.,	Redlands,	CA,	USA).	Mapping	of	
vegetation	 (just	 before	 fire	 treatments)	 and	 fire	 scars	 (just	 after	 fire	 treatments)	was	












and	mixed	grasses.	Using	 the	vegetation	and	 fire	 scar	maps,	and	ARCMAP’s	proximity	



































We	 conducted	 an	 exploratory	 spatial	 autocorrelation	 analysis	 to	 determine	
whether	 it	 was	 necessary	 to	 control	 for	 spatial	 autocorrelation	 of	 trap-level	 capture	











In	 order	 to	 determine	 whether	 pale	 field-rats	 had	 preferences	 for	 different	 types	 of	
vegetation,	we	investigated	how	the	proportion	of	each	vegetation	type	influenced	pale	









We	 performed	 model	 selection	 using	 the	MuMIn	 R	 package	 (Bartoń	 2016),	 ranking	
models	by	the	sample	size	corrected	Akaike’s	information	criterion	(AICc),	with	smaller	






trends	across	 fixed	effects	 in	 the	 top	models,	we	performed	model	averaging	over	all	
models	within	ΔAICc	=	2.	We	used	the	MuMIn	R	package	(Bartoń	2016)	to	determine	the	
relative	 importance	 of	 predictor	 variables	 (Holland	 and	 Bennett	 2007,	 Symonds	 and	




have	 the	 strongest	 impact	 on	 the	 response	 variable	 (Burnham	 and	 Anderson	 2002,	
Grueber	et	al.	2011).	We	also	summed	Akaike	weights	across	all	models	(within	the	model	
averaging	set)	containing	each	specific	variable.	This	measure	indicates	the	importance	




of	vegetation.	We	 fitted	negative	binomial	GLMMs	 for	each	height	category,	with	 the	
‘count	of	vegetation	intercepts’	(for	a	single	point	estimate)	as	the	response	variable	and	
‘vegetation	 type’	 included	as	a	 fixed	effect.	Random	effects	 included	 ‘quadrat’	nested	


































































Our	model	 selection	using	pre-fire	data	 indicated	 that	 the	aggregate	amount	of	
both	 riparian	 and	 tussock	 grass	 vegetation	 within	 a	 20	 m	 radius	 of	 each	 trap	 were	
important	predictors	of	pale	field-rat	captures.	The	top	ranked	model	included	a	positive	
effect	of	these	terms	(AICc	=	1393.781;	Table	2).	Model	averaging	revealed	that	pale	field-






and	mixed	 grasses	 (0.6	 and	 0.51,	 respectively;	 Table	 3).	 This	 suggests	 that	 all	 four	































effect	 of	 fire	 (the	 percentage	 of	 the	 site	 that	 was	 burnt)	 on	 intercept	 density	 in	 all	
vegetation	types	and	height	categories	(Figure	5;	Appendix	S7).	In	preferred	pale	field-rat	
habitat,	 there	were	 strong	 effects	 of	 fire	 on	 vegetation	 one	 year	 later.	 Compared	 to	






























trap	had	no	effect	on	pale	 field-rat	 capture	 rate	one	year	 later,	 in	 session	3	 (Table	4;	









(Table	 6).	 Pale	 field-rat	 capture	 rate	 increased	 significantly	 as	 the	 percentage	 of	














Overall,	 the	 mean	 maximum	 distance	 moved	 within	 sessions	 was	 33	 ±	 4.6	 m	













Prescribed	 burning	 is	 used	 globally	 across	 flammable	 landscapes	 and	 its	 role	 in	
conservation	management	is	increasingly	recognised	(Driscoll	et	al.	2010,	Fordyce	et	al.	
2016).	 Here,	 we	 investigated	 the	 persistence	 of	 pale	 field-rats	 experiencing	 fires	 of	




mechanisms	 underlying	 the	 recovery	 process.	 Our	 study	 provides	 evidence	 that	 the	






















for	 small,	 ground-dwelling	mammals	 (Sutherland	 and	 Dickman	 1999,	Woinarski	 et	 al.	
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2004,	 Banks	 et	 al.	 2011,	 Pereoglou	 et	 al.	 2011,	 Fordyce	 et	 al.	 2016).	 Ground-level	
vegetation	 structure	 can	 impact	 predator-prey	 interactions,	 with	 dense	 vegetation	







with	 loamy,	 friable	soils	 in	more	productive,	moist	areas.	Pale	 field-rats	build	complex	
burrows	and	are	therefore	likely	restricted	to	these	softer	soils,	closer	to	creek	lines	and	
seepage	areas.	Previous	research	has	shown	that	pale	field-rats	show	strong	preferences	















the	 decline	 in	 cover	 was	 much	 more	 dramatic	 in	 tussock	 grass,	 than	 at	 the	 other	





















How	 are	 pale-field	 rat	 captures	 and	 habitat	 preferences	 affected	 by	 fires	 covering	
different	spatial	scales?	
Pale	 field-rat	 populations	 were	 significantly	 impacted	 immediately	 after	 fire,	 with	
captures	strongly	declining	as	the	percentage	of	the	site	that	was	burnt	increased.	This	













level,	 but	 also	 over	 local	 scales,	with	 the	 local	 area	 burnt	 around	 each	 trap	 a	 strong	
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predictor	 of	 pale	 field-rat	 captures.	 As	 the	 percentage	 area	 burnt	 around	 each	 trap	
increased,	 pale	 field-rat	 captures	 significantly	 decreased.	 Our	 prescribed	 burns	 were	











capture	 rate	 was	 due	 to	mortality	 or	 individuals	 avoiding	 burnt	 areas.	 Fordyce	 et	 al.	
(2016)	found	that	bush	rat	movement	pathways	became	more	complex	after	a	prescribed	









immediate	 post-fire	 landscape.	 Similarly,	 Diffendorfer	 et	 al.	 (2012)	 found	 a	 positive	
influence	of	nearby	riparian	or	rocky	substrates	on	the	abundance	of	many	small	mammal	
species,	with	known	preferences	for	these	habitat	characteristics,	after	a	large	wildfire	in	




to	 have	 some	 degree	 of	 adaptability.	 For	 example,	 northern	 bobwhites	 (Colinus	
virginianus),	 a	 north	 American,	 ground	 dwelling	 bird,	 maintained	 high	 nest	 survival	
		131	
despite	frequent,	extensive	fires	(Carroll	et	al.	2017).	This	was	due	to	opportunistic	and	






It	 is	 likely	 that	 few	 survivors	 remained	 after	 the	 extensive,	 thorough	 fires,	with	
mortality	driving	the	post-fire	declines	in	these	sites.	The	proportion	of	recaptures	also	
declined	significantly	as	the	percentage	of	the	site	that	was	burnt	increased	(from	before,	
to	 immediately	 after	 fire).	 However,	 after	 patchy	 fires,	 post-fire	 declines	 may	 have	
reflected	both	mortality	and/or	avoidance	of	burnt	areas,	as	there	was	plenty	of	available	
habitat	within	the	scale	of	a	home	range.	Leahy	et	al.	(2015)	found	that	individual	pale	
field-rats	did	not	shift	 territories	 if	 they	were	within	burnt	areas	after	 fire.	High	home	
range	fidelity	after	fire	has	been	found	across	a	number	of	Australian	mammal	species	











al.	 2003).	 In	 general,	 structural	 characteristics	 of	 the	 environment	 are	 often	 a	 better	
predictor	of	fire	response	in	small	mammals	than	time	since	fire	(Sutherland	and	Dickman	
1999,	Plavsic	2014,	Swan	et	al.	2015).	Much	like	the	vegetation,	pale	field-rat	populations	
completely	 recovered	one	year	after	 fire.	Both	at	 the	site	 level	and	at	 the	 local	 scale,	
there	was	no	long-term	effect	of	fire	on	pale	field-rat	captures	or	the	vegetation.	Thus,	








equally	 recovered	 within	 both	 thorough	 and	 patchy	 fires.	 Regardless,	 few	 survivors	
remained	in	our	sites	immediately	after	thorough	fires	and	the	proportion	of	recaptures	



















et	 al.	 2011b,	 Radford	 et	 al.	 2015).	 Current	 research	 indicates	 that	 these	 objectives	
mitigate	the	threats	to	small	mammals	in	the	immediate	post-fire	landscape	(Radford	et	
al.	 in	prep,	 Legge	et	al.	2011a,	McGregor	et	al.	2014,	Lawes	et	al.	2015a).	Our	 results	
suggest	that	these	management	objectives	are	also	likely	to	support	the	recovery	of	small	
mammal	populations.	However,	a	greater	focus	on	the	specific	habitat	requirements	of	
vulnerable	species	will	be	 important	 for	ensuring	these	species	persist	 in	the	post-fire	
landscape.	 Our	 research	 demonstrates	 the	 benefit	 of	 investigating	 fire	 response	 and	
		133	
recovery	mechanisms	at	the	species	level.	A	demographic	understanding	of	the	scale	over	
which	 fires	and	unburnt	 refuges	are	 important	 is	 vital	 for	 fire	management	 strategies	
aiming	to	promote	biodiversity	(Driscoll	et	al.	2010).	Furthermore,	by	understanding	the	






















































Variable	groups	 Model	Structure	 K	 log(L)	 AICc	 ΔAICc	 weight	
%	Veg	type:	 Rip	+	Tuss	+	Autocov	 6	 -690.850	 1393.781	 0.000	 0.224	
20	m	trap	radius	 MG	+	OG	+	Rip	+	Autocov	 7	 -690.045	 1394.197	 0.416	 0.182	
		 OG	+	Rip	+	Tuss	+	Autocov	 7	 -690.046	 1394.200	 0.420	 0.181	
		 MG	+OG	+	Autocov	 6	 -691.244	 1394.569	 0.788	 0.151	













effect	 of	 different	 vegetation	 variables	 on	 pale	 field-rat	 captures	 (per	 available	 trap	
night).	
	
Variable	groups	 Variable	 Estimate	 Std.	error	 Z	value	 p	 Sum	of	weights	
%	Veg	type:		 (Intercept)	 -3.470	 0.559	 6.201	 <0.0001	 -	
20	m	trap	radius	 %Rip	 1.397	 0.718	 1.944	 0.052	 0.82	
	 %Tuss	 0.931	 0.413	 2.251	 <0.05	 0.60	
	 %MG	 -0.896	 0.438	 2.044	 <0.05	 0.51	
	 %OG	 -1.260	 0.682	 1.845	 0.065	 0.73	













Individuals	 Variable	 Estimate	 Std.	Error	 Z	value	 p	
Total	 S1	(Intercept)	 -3.844	 0.186	 -20.651	 <0.0001	
	 %Burnt	 0.475	 0.170	 2.805	 <0.01	
	 S2	 0.699	 0.083	 8.391	 <0.0001	
	 S3	 -0.011	 0.091	 -0.119	 0.905	
	 %Burnt	x	S2	 -3.574	 0.355	 -10.075	 <0.0001	
	 %Burnt	x	S3	 0.010	 0.200	 0.052	 0.959	
	 Autocov	 1.908	 0.191	 9.967	 <0.0001	
	 Random	term	 Variance	 Standard	Deviation	
	 Trap	within	group	 0.498	 0.706	 	 	
	 Group	 0.097	 0.312	 	 	
Adults	 S1	(Intercept)	 -4.273	 0.221	 -19.367	 <0.0001	
	 %Burnt	 0.303	 0.220	 1.376	 0.169	
	 S2	 0.595	 0.116	 5.114	 <0.0001	
	 S3	 0.110	 0.119	 0.917	 0.359	
	 %Burnt	x	S2	 3.372	 0.441	 7.652	 <0.0001	
	 %Burnt	x	S3	 -4.302	 0.630	 -6.825	 <0.0001	
	 Autocov	 -0.002	 0.268	 -0.008	 0.993	
	 Random	term	 Variance	 Standard	Deviation	
	 Trap	within	group	 0.483	 0.695	 	 	
	 Group	 0.128	 0.358	 	 	
Juveniles	 S1	(Intercept)	 -4.379	 0.255	 -17.191	 <0.0001	
	 %Burnt	 0.555	 0.227	 2.444	 <0.05	
	 S2	 0.907	 0.116	 7.814	 <0.0001	
	 S3	 -0.220	 0.138	 -1.593	 0.111	
	 %Burnt	x	S2	 -3.416	 0.428	 -7.979	 <0.0001	
	 %Burnt	x	S3	 0.060	 0.292	 0.205	 0.837	
	 Autocov	 2.518	 0.353	 7.130	 <0.0001	
	 Random	term	 Variance	 Standard	Deviation	
	 Trap	within	group	 0.607	 0.779	 	 	
	 Group	 0.218	 0.467	 	 	
	
Variable	codes	are:	S1=	Session	1	(immediately	before	fire);	S2=	Session	2	(six-weeks	after	fire);	S3=	Session	3	(one-year	










Variable	groups	 Model	structure	 K	 log(L)	 AICc	 ΔAICc	 weight	
%	Remaining	veg:		
20	m	trap	radius	
%Rip	+	%Tuss	+	Autocov	 5	 -130.990	 272.102	 0	 0.278	
%Tuss	+	Autocov	 4	 -132.504	 273.089	 0.987	 0.170	
%MG	+	%Rip	+	%Tuss	+	Autocov	 6	 -130.614	 273.398	 1.296	 0.146	














Variable	groups	 Variable	 Estimate	 Std.	error	 Z	value	 p	 Sum	of	weights	
%	Remaining	vegetation:		 (Intercept)	 -4.959	 0.610	 8.111	 <0.0001	 -	
20	m	trap	radius	 %Rip	 3.168	 2.801	 1.130	 0.259	 0.714	
	 %Tuss	 2.313	 0.814	 2.834	 <0.01	 1	
	 %MG	 0.204	 0.576	 0.354	 0.724	 0.245	



































































the	 area	 burnt	 within	 a	 20	m	 radius	 of	 each	 trap)	 on	 pale	 field-rat	 capture	 rate	 per	











Figure	 7.	 The	 effect	 of	 fire	 (percentage	 of	 the	 site	 that	 was	 burnt)	 on	 the	 predicted	
proportion	 of	 recapture	 (±	 standard	 error)	 between	 trapping	 sessions.	 Session	 1	was	
carried	out	 immediately	before	fire,	session	2	was	carried	out	six	weeks	after	 fire	and	
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RS08	 12	 0	 9	 4	 16	 59	 0	
RS09	 14	 0	 17	 6	 13	 50	 32	
RS10	 13	 17	 11	 5	 1	 53	 0	
RS11	 16	 22	 10	 4	 0	 48	 27	
RS12	 5	 23	 16	 4	 2	 50	 82	
RS13	 6	 31	 11	 5	 5	 41	 80	
RS14	 8	 37	 19	 5	 5	 26	 0	
RS15	 10	 29	 9	 12	 5	 36	 51	
RS16	 14	 34	 3	 10	 6	 33	 0	





















Height	category	 Model	structure	 K	 log(L)	 AICc	 ΔAICc	 weight	
0	-	10	cm	 Vegetation	type	 7	 -7248.964	 14513.96	 0	 1	
	 Random	effects	only	(null	model)	 4	 -7274.866	 14557.74	 43.779	 0	
10	-	30	cm	 Vegetation	type	 7	 -8467.884	 16949.795	 0	 1	
	 Random	effects	only	(null	model)	 4	 -8510.890	 17029.790	 79.995	 0	
30	-	100	cm	 Vegetation	type	 7	 -7249.036	 14512.099	 0	 1	









Appendix	 S4.	 Pairwise	 comparisons	 between	 vegetation	 intercept	 estimates	 for	 the	
different	vegetation	types,	at	the	three	height	categories	measured.	
	
Height	Category	 Vegetation	type	1	 Vegetation	type	2	 Estimate	 Standard	error	 Z	value	 p	
0	-	10	cm	 Mixed	grasses	 Open	grassland	 0.123	 0.114	 1.083	 0.699	
	 Mixed	grasses	 Riparian	 0.405	 0.115	 3.538	 <0.01	
	 Mixed	grasses	 Tussock	 -0.508	 0.103	 -4.914	 <0.001	
	 Open	grassland	 Riparian	 0.282	 0.121	 2.337	 0.090	
	 Open	grassland	 Tussock	 -0.631	 0.112	 -5.626	 <0.001	
	 Riparian	 Tussock	 -0.913	 0.112	 -8.135	 <0.001	
10	-	30	cm	 Mixed	grasses	 Open	grassland	 0.171	 0.082	 2.087	 0.157	
	 Mixed	grasses	 Riparian	 0.557	 0.082	 6.759	 <0.001	
	 Mixed	grasses	 Tussock	 -0.447	 0.075	 -5.993	 <0.001	
	 Open	grassland	 Riparian	 0.385	 0.089	 4.310	 <0.001	
	 Open	grassland	 Tussock	 -0.618	 0.083	 7.475	 <0.001	
	 Riparian	 Tussock	 -1.003	 0.083	 12.106	 <0.001	
30	-	100	cm	 Mixed	grasses	 Open	grassland	 0.395	 0.152	 2.588	 0.047	
	 Mixed	grasses	 Riparian	 0.229	 0.151	 1.514	 0.428	
	 Mixed	grasses	 Tussock	 -0.632	 0.139	 -4.554	 <0.001	
	 Open	grassland	 Riparian	 -0.165	 0.159	 -1.040	 0.726	
	 Open	grassland	 Tussock	 -1.026	 0.150	 -6.830	 <0.001	













Model	structure	 K	 log(L)	 AICc	 ΔAICc	 weight	
0	-	10	cm	 Session	x	vegetation	type	x	%	burnt	 21	 -13548.510	 27139.140	 0	 1	
	 Session	x	%	burnt	+	session	x	vegetation	type	 15	 -13613.320	 27256.690	 117.554	 0	
	 Random	effects	only	(null	model)	 4	 -14188.170	 28384.350	 1245.218	 0	
10	-	30	cm	 Session	x	vegetation	type	x	%	burnt	 21	 -15853.120	 31748.340	 0	 1	
	 Session	x	%	burnt	+	session	x	vegetation	type	 15	 -15940.960	 31911.970	 163.628	 0	
	 Random	effects	only	(null	model)	 4	 -16826.080	 33660.160	 1911.814	 0	
30	-	100	cm	 Session	x	vegetation	type	x	%	burnt	 21	 -15299.480	 30641.080	 0	 1	
	 Session	x	%	burnt	+	session	x	vegetation	type	 15	 -15340.360	 30710.770	 69.689	 0	
	 Random	effects	only	(null	model)	 4	 -16185.370	 32378.740	 1737.658	 0	
	
Included	are	the	number	of	parameters	(K),	the	log-likelihood	values	(log(L)),	AICc	values,	AICc	difference	from	the	best	







Appendix	 S6.	Model	 summaries	 for	 the	 effect	 of	 vegetation	 community,	 session	 and	
percentage	 of	 the	 site	 that	 was	 burnt	 on	 intercept	 density,	 across	 the	 three	 height	
categories	measured.	
	
Height	Category	 Variable	 Estimate	 Standard	error	 Z	value	 p	
0	-	10	cm	 S1:Mixed	grasses	(Intercept)	 0.330	 0.112	 2.951	 <0.01	
	 S2	 0.200	 0.062	 3.237	 <0.01	
	 S3	 0.321	 0.062	 5.178	 <0.0001	
	 %	Burnt	 0.407	 0.181	 2.244	 <0.05	
	 Open	grassland	 0.172	 0.115	 1.496	 0.135	
	 Riparian	 0.091	 0.121	 0.752	 0.452	
	 Tussock	grass	 0.776	 0.105	 7.400	 <0.0001	
	 S2	x	%	burnt	 -2.539	 0.179	 -14.191	 <0.0001	
	 S3	x	%	burnt	 -0.946	 0.143	 -6.600	 <0.0001	
	 S2	x	open	grassland	 -0.298	 0.095	 -3.146	 <0.01	
	 S3	x	open	grassland	 -0.398	 0.095	 -4.213	 <0.0001	
	 S2	x	riparian	 -0.745	 0.106	 -7.009	 <0.0001	
	 S3	x	riparian	 -0.744	 0.102	 -7.297	 <0.0001	
	 S2	x	tussock	grass	 -0.524	 0.086	 -6.121	 <0.0001	
	 S3	x	tussock	grass	 -0.754	 0.085	 -8.887	 <0.0001	
	 %	Burnt	x	open	grassland	 -0.706	 0.300	 -2.351	 <0.05	
	 %	Burnt	x	riparian	 -1.062	 0.273	 -3.885	 <0.0001	
	 %	Burnt	x	tussock	grass	 -0.531	 0.250	 -2.124	 <0.05	
	 S2	x	%	burnt	x	open	grassland	 1.553	 0.293	 5.300	 <0.0001	
	 S3	x	%	burnt	x	open	grassland	 1.144	 0.253	 4.527	 <0.0001	
	 S2	x	%	burnt	x	riparian	 -0.009	 0.367	 -0.025	 0.980	
	 S3	x	%	burnt	x	riparian	 1.813	 0.240	 7.548	 <0.0001	
	 S2	x	%	burnt	x	tussock	grass	 -1.984	 0.341	 -5.827	 <0.0001	
	 S3	x	%Burnt	x	tussock	grass	 0.967	 0.208	 4.652	 <0.0001	
	 	 Variance	 Standard	Deviation	 	
	
Random	term:	
Quadrat	within	group	 0.050	 0.223	 	







Height	Category	 Variable	 Estimate	 Standard	error	 Z	value	 p	
10	-	30	cm	 S1:Mixed	grasses	(Intercept)	 0.850	 0.076	 11.158	 <0.0001	
	 S2	 0.059	 0.053	 1.121	 0.262	
	 S3	 0.338	 0.052	 6.513	 <0.0001	
	 %	Burnt	 0.324	 0.174	 1.865	 0.062	
	 Open	grassland	 -0.047	 0.119	 -0.390	 0.697	
	 Riparian	 -0.607	 0.125	 -4.866	 <0.0001	
	 Tussock	grass	 0.532	 0.109	 4.861	 <0.0001	
	 S2	x	%	burnt	 -2.664	 0.152	 -17.521	 <0.0001	
	 S3	x	%	burnt	 -0.893	 0.119	 -7.518	 <0.0001	
	 S2	x	open	grassland	 0.008	 0.083	 0.094	 0.925	
	 S3	x	open	grassland	 -0.245	 0.081	 -3.024	 <0.01	
	 S2	x	riparian	 -0.256	 0.095	 -2.697	 <0.01	
	 S3	x	riparian	 -0.117	 0.089	 -1.316	 0.188	
	 S2	x	tussock	grass	 -0.366	 0.074	 -4.910	 <0.0001	
	 S3	x	tussock	grass	 -0.484	 0.072	 -6.708	 <0.0001	
	 %	Burnt	x	open	grassland	 -0.519	 0.314	 -1.654	 0.098	
	 %	Burnt	x	riparian	 0.094	 0.282	 0.332	 0.740	
	 %	Burnt	x	tussock	grass	 -0.309	 0.263	 -1.172	 0.241	
	 S2	x	%	burnt	x	open	grassland	 1.198	 0.258	 4.648	 <0.0001	
	 S3	x	%	burnt	x	open	grassland	 0.890	 0.214	 4.157	 <0.0001	
	 S2	x	%	burnt	x	riparian	 -0.208	 0.287	 -0.725	 0.469	
	 S3	x	%	burnt	x	riparian	 0.788	 0.198	 3.985	 <0.0001	
	 S2	x	%	burnt	x	tussock	grass	 -2.807	 0.327	 -8.576	 <0.0001	
	 S3	x	%Burnt	x	tussock	grass	 0.880	 0.174	 5.063	 <0.0001	
	 	 Variance	 Standard	Deviation	 	
	
Random	term:	
Quadrat	within	Group	 6.67E-02	 2.58E-01	 	







Height	Category	 Variable	 Estimate	 Standard	error	 Z	value	 p	
30	-	100	cm	 S1:Mixed	grasses	(Intercept)	 0.596	 0.129	 4.632	 <0.0001	
	 S2	 0.052	 0.066	 0.785	 0.433	
	 S3	 0.339	 0.065	 5.182	 <0.0001	
	 %	Burnt	 0.329	 0.295	 1.114	 0.265	
	 Open	grassland	 -0.275	 0.202	 -1.362	 0.173	
	 Riparian	 -0.369	 0.207	 -1.784	 0.074	
	 Tussock	grass	 0.567	 0.185	 3.061	 <0.01	
	 S2	x	%	burnt	 -2.509	 0.183	 -13.730	 <0.0001	
	 S3	x	%	burnt	 -0.651	 0.147	 -4.426	 <0.0001	
	 S2	x	open	grassland	 0.066	 0.106	 0.623	 0.533	
	 S3	x	open	grassland	 -0.343	 0.105	 -3.275	 <0.01	
	 S2	x	riparian	 0.203	 0.109	 1.864	 0.062	
	 S3	x	riparian	 0.079	 0.105	 0.749	 0.454	
	 S2	x	tussock	grass	 -0.263	 0.093	 -2.829	 <0.01	
	 S3	x	tussock	grass	 -0.285	 0.091	 -3.144	 <0.01	
	 %	Burnt	x	open	grassland	 -0.652	 0.530	 -1.231	 0.218	
	 %	Burnt	x	riparian	 0.329	 0.472	 0.698	 0.485	
	 %	Burnt	x	tussock	grass	 0.166	 0.447	 0.371	 0.711	
	 S2	x	%	burnt	x	open	grassland	 -0.008	 0.355	 -0.023	 0.981	
	 S3	x	%	burnt	x	open	grassland	 0.589	 0.276	 2.132	 <0.05	
	 S2	x	%	burnt	x	riparian	 -1.247	 0.320	 -3.893	 <0.0001	
	 S3	x	%	burnt	x	riparian	 0.873	 0.229	 3.816	 0.000	
	 S2	x	%	burnt	x	Tussock	Grass	 -3.711	 0.387	 -9.576	 <0.0001	
	 S3	x	%Burnt	x	Tussock	Grass	 0.421	 0.214	 1.966	 <0.05	
	 	 Variance	 Standard	Deviation	 	
	
Random	term:	
Quadrat	within	Group	 2.15E-01	 4.63E-01	 	















0-10	cm	 S1	x	%	burnt	x	Mixed	grasses	 S2	x	%	burnt	x	Mixed	grasses	 0.468	 0.053	 8.839	 <0.001	
	 S1	x	%	burnt	x	Mixed	grasses	 S3	x	%	burnt	x	Mixed	grasses	 -0.072	 0.048	 -1.515	 0.917	
	 S2	x	%	burnt	x	Mixed	grasses	 S3	x	%	burnt	x	Mixed	grasses	 -0.540	 0.054	 -10.082	 <0.001	
	 S1	x	%	burnt	x	Open	grassland	 S2	x	%	burnt	x	Open	grassland	 0.357	 0.062	 5.810	 <0.001	
	 S1	x	%	burnt	x	Open	grassland	 S3	x	%	burnt	x	Open	grassland	 0.025	 0.058	 0.428	 1.000	
	 S2	x	%	burnt	x	Open	grassland	 S3	x	%	burnt	x	Open	grassland	 -0.333	 0.062	 -5.386	 <0.001	
	 S1	x	%	burnt	x	Riparian	 S2	x	%	burnt	x	Riparian	 1.215	 0.082	 14.832	 <0.001	
	 S1	x	%	burnt	x	Riparian	 S3	x	%	burnt	x	Riparian	 0.194	 0.060	 3.244	 <0.05	
	 S2	x	%	burnt	x	Riparian	 S3	x	%	burnt	x	Riparian	 -1.021	 0.083	 -12.293	 <0.001	
	 S1	x	%	burnt	x	Tussock	grass	 S2	x	%	burnt	x	Tussock	grass	 1.514	 0.073	 20.844	 <0.001	
	 S1	x	%	burnt	x	Tussock	grass	 S3	x	%	burnt	x	Tussock	grass	 0.427	 0.046	 9.310	 <0.001	
	 S2	x	%	burnt	x	Tussock	grass	 S3	x	%	burnt	x	Tussock	grass	 -1.087	 0.075	 -14.566	 <0.001	
10-30	
cm	
S1	x	%	burnt	x	Mixed	grasses	 S2	x	%	burnt	x	Mixed	grasses	 0.642	 0.045	 14.253	 <0.01	
	 S1	x	%	burnt	x	Mixed	grasses	 S3	x	%	burnt	x	Mixed	grasses	 -0.103	 0.040	 -2.574	 0.235	
	 S2	x	%	burnt	x	Mixed	grasses	 S3	x	%	burnt	x	Mixed	grasses	 -0.745	 0.045	 -16.434	 <0.01	
	 S1	x	%	burnt	x	Open	grassland	 S2	x	%	burnt	x	Open	grassland	 0.319	 0.054	 5.904	 <0.01	
	 S1	x	%	burnt	x	Open	grassland	 S3	x	%	burnt	x	Open	grassland	 -0.092	 0.050	 -1.841	 0.734	
	 S2	x	%	burnt	x	Open	grassland	 S3	x	%	burnt	x	Open	grassland	 -0.411	 0.054	 -7.665	 <0.01	
	 S1	x	%	burnt	x	Riparian	 S2	x	%	burnt	x	Riparian	 0.953	 0.068	 14.102	 <0.01	
	 S1	x	%	burnt	x	Riparian	 S3	x	%	burnt	x	Riparian	 -0.193	 0.053	 -3.666	 <0.01	
	 S2	x	%	burnt	x	Riparian	 S3	x	%	burnt	x	Riparian	 -1.146	 0.067	 -17.219	 <0.01	
	 S1	x	%	burnt	x	Tussock	grass	 S2	x	%	burnt	x	Tussock	grass	 1.747	 0.073	 23.863	 <0.01	
	 S1	x	%	burnt	x	Tussock	grass	 S3	x	%	burnt	x	Tussock	grass	 0.150	 0.039	 3.803	 <0.01	
	 S2	x	%	burnt	x	Tussock	grass	 S3	x	%	burnt	x	Tussock	grass	 -1.597	 0.074	 -21.695	 <0.01	
30-100	
cm	
S1	x	%	burnt	x	Mixed	grasses	 S2	x	%	burnt	x	Mixed	grasses	 0.609	 0.055	 11.053	 <0.001	
	 S1	x	%	burnt	x	Mixed	grasses	 S3	x	%	burnt	x	Mixed	grasses	 -0.167	 0.050	 -3.354	 <0.05	
	 S2	x	%	burnt	x	Mixed	grasses	 S3	x	%	burnt	x	Mixed	grasses	 -0.776	 0.055	 -14.092	 <0.001	
	 S1	x	%	burnt	x	Open	grassland	 S2	x	%	burnt	x	Open	grassland	 0.545	 0.077	 7.078	 <0.001	
	 S1	x	%	burnt	x	Open	grassland	 S3	x	%	burnt	x	Open	grassland	 0.020	 0.066	 0.306	 1.000	
	 S2	x	%	burnt	x	Open	grassland	 S3	x	%	burnt	x	Open	grassland	 -0.525	 0.077	 -6.819	 <0.001	
	 S1	x	%	burnt	x	Riparian	 S2	x	%	burnt	x	Riparian	 0.734	 0.073	 10.083	 <0.001	
	 S1	x	%	burnt	x	Riparian	 S3	x	%	burnt	x	Riparian	 -0.476	 0.060	 -7.916	 <0.001	
	 S2	x	%	burnt	x	Riparian	 S3	x	%	burnt	x	Riparian	 -1.209	 0.072	 -16.900	 <0.001	
	 S1	x	%	burnt	x	Tussock	grass	 S2	x	%	burnt	x	Tussock	grass	 1.849	 0.085	 21.774	 <0.001	
	 S1	x	%	burnt	x	Tussock	grass	 S3	x	%	burnt	x	Tussock	grass	 0.007	 0.049	 0.139	 1.000	









Individuals	 Model	structure	 K	 log(L)	 AICc	 ΔAICc	 weight	
Total	 Session	x	%	burnt		 8	 -119.694	 262.245	 0	 1	
	 %	Burnt	 4	 -141.408	 292.416	 30.171	 0	
	 Random	effects	only	(null	model)	 3	 -144.336	 295.595	 33.350	 0	
Adults	 Session	x	%	burnt		 8	 -97.489	 217.835	 0	 1	
	 %	Burnt	 4	 -122.554	 254.708	 36.873	 0	
	 Session	+	%	burnt	 6	 -122.053	 259.759	 41.924	 0	
	 Random	effects	only	(null	model)	 3	 -128.574	 264.071	 46.236	 0	
Juveniles	 Session	x	%	burnt		 8	 -104.639	 232.135	 0	 0.990	












was	 burnt	within	 a	 20m	 radius	 of	 each	 trap,	 on	 pale	 field-rat	 trap-level	 captures,	 for	
different	groups	of	individuals.		
	
Individuals	 Model	structure	 K	 log(L)	 AICc	 ΔAICc	 weight	
Total	 Session	x	%	burnt	+	autocov	 9	 -2092.297	 4202.654	 0	 1	
	 Session	+	%	burnt	+	autocov	 7	 -2178.122	 4370.281	 167.627	 0	
	 %	Burnt	+	autocov	 6	 -2180.428	 4372.884	 170.231	 0	
	 Session	+	autocov	 5	 -2184.768	 4379.557	 176.903	 0	
	 Autocov	(null	model)	 4	 -2186.889	 4381.792	 179.138	 0	
Adults	 Session	x	%	burnt	+	autocov	 9	 -1430.005	 2878.071	 0.000	 1	
	 %	Burnt	+	autocov	 5	 -1478.502	 2967.024	 88.953	 0	
	 Session	+	%	burnt	+	autocov	 7	 -1477.937	 2969.911	 91.841	 0	
	 Autocov	(null	model)	 4	 -1481.471	 2970.956	 92.885	 0	
Juveniles	 Session	x	%	burnt	+	autocov	 9	 -1307.144	 2632.347	 0	 1	
	 Session	+	%	burnt	+	autocov	 7	 -1353.868	 2721.772	 89.425	 0	
	 Session	+	autocov	 6	 -1355.970	 2723.968	 91.621	 0	
	 %	Burnt	+	autocov	 5	 -1369.615	 2749.249	 116.902	 0	
	 Autocov	(null	model)	 4	 -1371.314	 2750.640	 118.294	 0	
	
Included	are	the	number	of	parameters	(K),	the	log-likelihood	values	(log(L)),	AICc	values,	AICc	difference	from	the	best	
model	 (ΔAICc)	 and	 Akaike	weights.	Only	 the	 best	model,	 second	 best	model	 and	 null	model	 are	 presented,	 due	 to	












Individuals	 Variable	 Estimate	 Std.	Error	 Z	value	 p	
Total	 S1	(Intercept)	 -2.699	 0.348	 -7.748	 <0.0001	
	 %Burnt	 -0.128	 0.552	 -0.232	 0.817	
	 S2	 0.777	 0.284	 2.739	 <0.01	
	 S3	 -0.126	 0.276	 -0.457	 0.647	
	 %Burnt	x	S2	 -5.049	 1.015	 -4.977	 <0.0001	
	 %Burnt	x	S3	 0.626	 0.676	 0.927	 0.354	
	 Random	term	 Variance	 Standard	Deviation	
	 Group	 0.402	 0.634	 	 	
Adults	 S1	(Intercept)	 -3.192	 0.315	 -10.127	 <0.0001	
	 %Burnt	 -0.393	 0.491	 -0.800	 0.424	
	 S2	 0.603	 0.242	 2.490	 <0.05	
	 S3	 -0.010	 0.237	 -0.043	 0.966	
	 %Burnt	x	S2	 -5.983	 1.162	 -5.147	 <0.0001	
	 %Burnt	x	S3	 0.538	 0.616	 0.874	 0.382	
	 Random	term	 Variance	 Standard	Deviation	
	 Group	 0.345	 0.587	 	 	
Juveniles	 S1	(Intercept)	 -3.546	 0.448	 -7.916	 <0.0001	
	 %Burnt	 0.186	 0.761	 0.244	 0.807	
	 S2	 1.068	 0.391	 2.733	 <0.01	
	 S3	 -0.325	 0.387	 -0.841	 0.400	
	 %Burnt	x	S2	 -4.713	 1.276	 -3.692	 <0.0001	
	 %Burnt	x	S3	 0.755	 0.924	 0.817	 0.414	
	 Random	term	 Variance	 Standard	Deviation	













Sessions	 Variable	 Estimate	 Std.	error	 Z	value	 p	
S1	–	S2	 Intercept	 -0.719	 0.225	 -3.197	 <0.001	
	 %SiteBurnt	 -8.453	 2.147	 -3.937	 <0.0001	
	 	 Variance	 Standard	Deviation	 	
	 Random	term:	Group	 0.09	 0.3	 	
S2	–	S3	 Intercept	 -4.210	 0.414	 -10.166	 <0.0001	
	 %SiteBurnt	 -14.169	 26.874	 -0.527	 0.598	
	 	 Variance	 Standard	Deviation	 	
	 Random	term:	Group	 <0.0001	 <0.0001	 	
S1	–	S3	 Intercept	 -3.325	 0.267	 -12.436	 <0.0001	
	 %SiteBurnt	 -2.937	 1.944	 -1.511	 0.131	
	 	 Variance	 Standard	Deviation	 	










Sessions	 Model	structure	 K	 log(L)	 AICc	 ΔAICc	 weight	
S1	-	S2	 %SiteBurnt	 3	 -17.527	 45.054	 0	 1	
	 Random	effects	only	(null	model)	 2	 -43.048	 91.809	 46.756	 0	
S2	-	S3	 Random	effects	only	(null	model)	 2	 -13.528	 32.771	 0	 0.6	
	 %SiteBurnt	 3	 -11.792	 33.583	 0.812	 0.4	
S1	-	S3	 Random	effects	only	(null	model)	 2	 -7.761	 21.236	 0	 0.64	





















Genetic evidence suggests mechanisms for post-






While	 a	 large	body	of	 research	has	 concentrated	on	 fire	 response	 in	 small	mammals,	
studies	 rarely	 focus	on	 the	post-fire	 recovery	process.	 Furthermore,	no	 study	has	 yet	
combined	 demographic	 and	 genetic	 evidence	 to	 understand	 how	 small	 mammal	
populations	recover	after	fire	in	northern	Australia.	In	particular,	knowledge	on	how	the	










By	 testing	 a	 number	 of	 genetic	 and	 demographic	 predictions	 relating	 to	 the	
different	recovery	hypotheses,	our	findings	suggest	that	in	situ	survival	drives	population	
recovery	after	patchy	fires,	compared	to	recolonisation	from	source	populations	located	
along	 creek	 lines	 after	 thorough	 fires.	 Furthermore,	 while	 male	 dispersal	 appeared	
relatively	 constant,	 females	 potentially	 exhibit	 context	 dependent	 ‘dispersal	
polymorphism’,	 with	 dispersal	 patterns	 changing	 depending	 on	 the	 extent	 of	









populations	 (Holderegger	 et	 al.	 2006).	While	 genetic	 analyses	 have	 been	 successfully	
applied	to	many	aspects	of	ecology	and	conservation	biology,	they	are	underutilised	in	
disturbance	 ecology	 (Allendorf	 et	 al.	 2010,	 Storfer	 et	 al.	 2010,	 Banks	 et	 al.	 2013).	 In	
particular,	 there	 has	 been	 limited	 application	 of	 genetic	 research	 to	 inform	 fire	
management	for	biodiversity	conservation.	Fire	can	directly	impact	animal	populations	
through	 increasing	 mortality	 and	 forcing	 emigration,	 or	 indirectly	 through	 changing	











immigration	 makes	 population	 persistence	 susceptible	 to	 fire	 size	 with	 respect	 to	













Fire	 management	 is	 becoming	 increasingly	 important	 as	 fire	 regimes	 change	
globally	(Flannigan	et	al.	2009,	Turner	2010).	Changed	fire	regimes	have	been	connected	
to	 species	 declines	 in	 several	 regions	 (Gill	 and	 Bradstock	 1995,	 Abrahamson	 and	
Abrahamson	1996,	Templeton	et	al.	2011),	including	the	broad	scale	collapse	of	northern	
Australia’s	mammal	fauna	(Woinarski	et	al.	2001,	2011).	A	regime	of	frequent,	extensive,	
high	 intensity	 fire	 has	 been	 observed	 in	 northern	 Australia	 since	 the	 breakdown	 of	
traditional	burning	under	Aboriginal	custodianship	(Russell-Smith	et	al.	2003,	Yates	et	al.	
2008).	 Traditional	 burning	 practices	 likely	 resulted	 in	 lower	 intensity	 fires	 that	 were	
patchily	distributed,	both	temporally	and	spatially	(Vigilante	2001,	Legge	et	al.	2011b).	

















Here,	 we	 use	 genetic	 analyses	 to	 investigate	 population	 recovery	 in	 a	 native	
Australian	 rodent,	 the	 pale	 field-rat	 (Rattus	 tunneyi)	 following	 a	 manipulative	 fire	
experiment	in	the	Kimberley	region	of	north-western	Australia.	We	explore	how	genetic	





of	 abundance	 immediately	 after	 fire	 suggested	 that	 the	 recovery	 process	 may	 differ	
between	these	experimental	treatments.	There	was	evidence	of	in	situ	survival	in	unburnt	
refuges	after	patchy	fires,	but	no	local	survival	in	sites	burnt	thoroughly,	suggesting	that	
different	 recovery	 modes	 (recolonisation	 or	 in	 situ	 recovery)	 might	 operate.	 This	





















individuals	 would	 be	 more	 related	 after	 fire	 due	 to	 nucleated	 recovery	 from	
unburnt	 patches,	 and	 post-fire	 individuals	 will	 be	 related	 to	 those	 that	 were	
present	pre-fire.	Alternatively,	pre-	and	post-fire	 individuals	will	be	unrelated	if	
recovery	 is	 driven	 by	 recolonisation.	 We	 predict	 that,	 within	 sessions,	
recolonisation	from	multiple	sources	will	result	in	lower	levels	of	relatedness	one	

















Muller	 1997;	 Start	 et	 al.	 2012).	 They	 construct	 extensive,	 multi-entrance,	 shallow	













March).	 We	 trapped	 pale	 field-rats	 across	 an	 area	 of	 the	 sanctuary	 that	 has	 been	











sites).	 In	 total,	 there	 were	 four	 paired	 treatment-control	 groups	 and	 one	 additional	
unpaired	 control.	 Paired	 sites	 were	 between	 100	 –	 1000	 m	 apart.	 Study	 sites	 were	
situated	 in	 open	 savanna	 woodland,	 dominated	 by	 tussock	 and	 hummock	 grass	




We	 applied	 different	 fire	 treatments	 across	 five	 sites	 in	 a	 before-after-control-
impact	 (BACI)	 design	 (Fig.	 1).	 These	 treatments	 included	 a	 patchy	 or	 thorough	 burn	
(paired	with	an	unburnt	control).	Patchy	fires	(implemented	across	two	sites)	were	typical	
of	early	dry	season	management	burns,	such	as	those	carried	out	through	the	EcoFire	
project	 (Legge	 et	 al.	 2011b).	 Thorough	 fires	 (implemented	 across	 three	 sites)	 were	
representative	of	late	dry	season	wildfires.	In	patchy	treatments,	the	percentage	of	the	
area	burnt	within	a	50m	radius	of	the	site	was	<50%,	whereas	>50%	of	the	site	was	burnt	











were	baited	with	 rolled	oats	 and	peanut	butter	 in	 the	 afternoon	and	 checked	before	
sunrise	the	following	morning.	Paired	sites	(within	the	same	group)	were	trapped	within	
174	









first	 and	 third	 trapping	 sessions.	 However,	 this	 research	was	 carried	 out	 as	 part	 of	 a	
broader	project,	with	the	demographic	outcomes	of	the	fire	experiment	summarised	in	
Chapter	4.	During	the	demographic	component	of	this	research,	we	also	implanted	pale	





Single	 nucleotide	polymorphism	 (SNP)	 genotyping	was	 carried	out	 by	Diversity	Arrays	




step	 (Zymo	Research,	 California,	 USA)	 and	was	 digested	 using	 the	 restriction	 enzyme	









for	 genetic	 analysis,	 using	 a	 custom	 R	 script	 (R	 Core	 Team	 2017).	 In	 Chapter	 3,	 we	
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explored	 the	 impact	 of	 filtering	 on	 downstream	 population	 genetic	 analyses	 and	
identified	key	filters	that	returned	the	best	possible	set	of	high	confidence	genotypes.	
Here,	we	followed	the	same	optimised	methods	as	outlined	in	Chapter	3.	This	included	
removing	 sex-linked	 SNPs	 from	 the	 dataset,	 filtering	 on	 <5%	 missing	 data,	 >95%	
reproducibility	(calculated	using	DArT	technical	replicates),	an	average	read	depth	of	10	
(for	both	the	reference	and	SNP)	and	a	minor	allele	frequency	>5%.	All	loci	conformed	to	
Hardy	 Weinberg	 Equilibrium	 in	 the	 majority	 of	 test	 populations	 (tested	 using	 the	 R	
package	HardyWeinberg;	Graffelman	2015)	and	had	an	observed	heterozygosity	of	<0.6.	
Finally,	SNPs	were	in	approximate	linkage	equilibrium,	with	LD	filtering	carried	out	in	the	






We	calculated	common	genetic	 summary	statistics	across	all	 sites,	 including	observed	
heterozygosity	 (HO),	 expected	 heterozygosity	 (HE)	 and	 the	 inbreeding	 coefficient	 (F).	
While	all	SNPs	were	bi-allelic,	we	also	calculated	the	number	of	alleles	(NA),	percentage	
of	 polymorphic	 loci	 (%P)	 and	 information	 index	 (I)	 to	 determine	 if	 diversity	 differed	









FST	 for	 all	 pairwise	 population	 comparisons	 using	 an	 analysis	 of	 molecular	 variance	
(AMOVA)	 (Excoffier	 et	 al.	 1992,	 Peakall	 et	 al.	 1995).	 These	 results	were	 compared	 to	








Individual-level	 patterns	 of	 fine-scale	 genetic	 structure	 (tens	 to	 thousands	 of	
metres)	were	 explored	using	 spatial	 autocorrelation	 analysis	 of	multilocus	 genotypes.	
This	 analysis	 calculates	 an	 autocorrelation	 coefficient,	 r,	 based	 on	 pairwise	 squared	
genetic	distances	that	fall	within	a	specified	geographic	distance	class.	Thus,	r	describes	
the	 genetic	 similarity	 between	 all	 individuals	 within	 a	 certain	 geographic	 threshold	
(Smouse	and	Peakall	 1999,	 Peakall	 et	 al.	 2003,	Double	et	 al.	 2005,	Banks	 and	Peakall	







comparisons	 within	 the	 specified	 distance	 class	 (sample	 size)	 and	 the	 true	 extent	 of	
positive	 spatial	 structure	 (Double	 et	 al.	 2005,	 Banks	 and	 Peakall	 2012).	 In	 order	 to	
optimise	this	trade-off,	we	also	calculated	rc	for	distance	classes	of	increasing	size.	The	
distance	at	which	rc	is	no	longer	significantly	positive	approximates	the	extent	of	positive	




We	 fitted	a	generalized	 linear	mixed	model	 (GLMMs)	 to	determine	how	pale	 field-rat	




















using	QDiversity	 analysis	 in	GenAlEx	 6.51	 (Peakall	 and	 Smouse	2006,	 2012).	 This	 new	
diversity	analysis	is	based	on	Rao’s	Quadratic	Entropy	and	translated	into	scaled	diversity	
analogues	 [0,1],	 as	 outlined	 in	 Smouse,	 Banks,	 &	 Peakall	 (2017).	 Unlike	 AMOVA	 and	
similar	FST	related	methods,	it	allows	patterns	of	genetic	diversity	to	be	quantified	and	
statistically	 evaluated	both	within	 and	 among	 strata	of	 nested	hierarchical	 levels.	We	
tested	for	genetic	heterogeneity	between	sessions	(before	and	one	year	after	fire)	within	
control,	patchy	and	thorough	sites.	We	statistically	evaluated	this	heterogeneity	using	
1000	 random	permutations	 of	 alleles	 among	 sites	 and	 sessions	 to	 test	 for	 significant	










et	 al.	 2018).	 Here,	 we	 used	 a	 maximum	 likelihood	 parentage	 analysis	 and	 spatial	
autocorrelation	 to	 explore	 fine-scale	patterns	of	 relatedness	between	 individuals.	We	





We	 used	 the	 R	 package	 SEQUOIA	 (Huisman	 2017)	 to	 assign	 relatives	 across	 all	
individuals	in	our	study.	SEQUOIA	is	a	maximum	likelihood	method	that	combines	genetic	
and	 demographic	 information.	 In	 this	 case,	 the	 age	 and	 sex	 of	 pale	 field-rats	 were	
included	as	priors	in	the	analysis.	This	method	then	compares	the	likelihood	of	all	possible	
relationships	 between	 pairwise	 comparisons	 of	 individuals	 to	 the	 alternative	 of	 being	
unrelated,	 using	 a	 heuristic	 hill-climbing	 algorithm.	 Simulation	 testing	 using	 realistic	
genotyping	error	rates	and	amounts	of	missing	data	found	that	this	method	was	highly	
accurate,	 even	when	 using	 as	 few	 as	 100	 independent	 SNP	 loci	 (Huisman	 2017).	We	
assigned	 first-order	 (parent-offspring	 and	 full	 siblings),	 second-order	 (half-siblings,	
grandparent-grand	offspring	and	 full	aunt/uncle-niece/nephew)	and	 third-order	 (great	
grandparent-	 great	 grandoffspring,	 half	 aunt/uncle-niece/nephew	 and	 full	 cousins)	
relatives	to	individuals	across	all	sessions	and	sites.	However,	because	it	was	not	possible	
to	correctly	identify	the	age	of	individuals	that	were	first	caught	as	adults,	we	were	unable	






Spatial	 autocorrelation	 analysis	was	 used	 to	 test	whether	 fine-scale	 patterns	 of	
spatial	genetic	structure	(rc)	changed	from	before	the	fire	experiment,	to	one	year	after	
patchy	 and	 thorough	 fires	 (compared	 to	 controls).	 While	 distance-based	 spatial	
autocorrelation	analysis	is	generic	and	not	exclusive	to	genetic	data,	when	using	genetic	




and	 one	 year	 after	 fire),	 as	 well	 as	 between	 sessions	 (for	 pairwise	 comparisons	 of	
individuals	within	100m	of	each	other).	This	enabled	us	to	investigate	whether	fire	had	
an	 impact	on	the	spatial	distribution	of	genotypes,	and	whether	 individuals	present	 in	
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Appendix	S1).	Mantel	 tests	 revealed	a	 strong,	 significant	positive	 correlation	between	
genetic	and	geographic	distance	matrices	for	females	in	session	1	and	session	3	(session	







than	 females	 (52.78	±	11.09	m	compared	to	20.71	±	11.09	m,	 respectively).	Between	















respectively;	 Fig.	 4).	 While	 females	 consistently	 showed	 greater	 fine-scale	 genetic	
structure	than	males,	this	difference	was	not	significant	at	any	spatial	scale	(female	and	
male	95%	bootstrap	confidence	intervals	(CIs)	overlapped).	Removing	juvenile	pale-field	
rats	 from	the	analysis	 resulted	 in	a	decrease	 in	 fine-scale	spatial	genetic	structure	 (rc)	






in	 session	 3,	 one	 year	 after	 the	 fire	 experiment	 (p<0.05;	 Table	 3).	 Furthermore,	 the	
information	 index	(I)	also	 increased	one	year	after	thorough	fires,	although	this	effect	
















Overall,	 the	average	proportion	of	 individuals	assigned	a	 relative	within	 the	same	site	
(within	approximately	<1km)	did	not	change	from	before	the	fire	experiment	(session	1:	












from	 control	 sites	 (Fig.	 6).	 Genetic	 spatial	 autocorrelation	 analysis	 revealed	 some	
differences	in	relatedness	between	control	and	treatment	sites.	Across	both	control	and	





control	 sites	 (control:	 rc=	 0.01),	 95%	 bootstrap	 CIs	 overlapped	 zero	 in	 patchy	 sites	











year	 after	 patchy	 fires,	 this	 pattern	 was	 maintained,	 with	 female	 fine-scale	 genetic	
structure	significantly	higher	than	that	found	in	males	(female	rc=	0.06,	male	rc=	-0.01;	
Fig.	6).	Conversely,	pairwise	comparisons	of	pre-fire	individuals	to	those	present	one	year	
after	 thorough	 fires	 revealed	 no	 structure	 in	males,	 compared	 to	 significant	 negative	
structure	in	females	(female	rc=	-0.01,	male	rc=	0).	One	year	after	thorough	fires	(session	
3),	patterns	of	 fine-scale	genetic	 structure	were	similar	 to	 those	detected	before	 fire,	
though	 female	 structure	 had	 decreased	 (session	 1:	 female	 rc=	 0.05,	 male	 rc=	 -0.02;	














(2015b)	 found	 that	 fire	 extent	was	 the	 best	 predictor	 of	mammal	 declines	 in	 Kakadu	
conservation	reserve.	
	
Here,	we	 investigate	 how	pale	 field-rats	 recover	 after	 fire	 events,	 and	 how	 fire	
characteristics	(extent	and	patchiness)	might	influence	the	recovery	process.	In	Chapter	
4,	 we	 determined	 the	 spatial	 distribution	 and	 abundance	 of	 survivors	 after	 fire,	 and	
identified	the	starting	point	for	population	recovery.	In	the	present	study,	we	combine	
	183	
demographic	 and	 genetic	 evidence	 to	 help	 elucidate	 the	 recovery	 process	 in	 this	
vulnerable	native	 rodent.	Our	 findings	 support	 the	hypothesis	 that	 recovery	proceeds	
differently	 depending	 on	 the	 spatial	 extent	 and	 patchiness	 of	 fires.	 Furthermore,	 our	






season	 and	 flooding	 in	 the	 wet	 season	 (Woinarski	 et	 al.	 2005).	 We	 investigated	 the	








slightly	 higher	 than	 that	 found	 for	 males,	 although	 we	 did	 not	 detect	 a	 significant	
signature	 of	 male-biased	 dispersal.	 While	 these	 patterns	 are	 indicative	 of	 local	








capabilities	 compared	 to	 other	Rattus	 species	 and	 population	 expansion	 occurs	 from	
riparian	 zones.	 Furthermore,	 in	 Chapter	 4,	 we	 found	 strong	 habitat	 preferences	 for	
vegetation	types	typically	situated	along	creek	lines	and	rivers.	While	pale	field-rats	are	












field-rat	 life	 history	 characteristics,	 shaped	 by	 the	 unpredictable	 nature	 of	 savanna	
ecosystems.	 Regular	 disturbance	 followed	 by	 regeneration	 means	 that	 the	 habitat	
preferred	by	pale	field-rats	is	dynamic	in	space	and	time	(Bowman	et	al.	1988,	Russell-
Smith	 et	 al.	 1998).	 Thus,	 dispersal	 may	 occur	 in	 response	 to	 disturbance	 and	
environmental	variability,	while	restricted	habitat	requirements	result	in	the	build-up	of	












sites),	 with	 rapid	 recovery	 facilitated	 by	 residual	 surviving	 animals	 within	 unburnt	
patches.	Thus,	we	predicted	that	recovery	after	patchy	fires	would	follow	a	model	of	in	
situ	survival.	Our	demographic	results	support	these	predictions,	with	both	pale	field-rat	







was	 therefore	 recolonisation	 from	 outside	 of	 the	 burnt	 area.	 Indeed,	 total	 captures	
decreased	by	95%	immediately	after	thorough	fires,	with	no	pre-fire	animals	recaptured	
(Chapter	 4).	 However,	 contrary	 to	 our	 prediction	 of	 slow	 recovery,	 pale	 field-rat	
abundance	 completely	 recovered	 one	 year	 after	 thorough	 fires.	 In	 Chapter	 4,	 we	
suggested	that	rapid	recovery	was	due	to	the	scale	of	our	fire	experiment,	with	unburnt	











also	 found	 in	Table	1).	Our	 results	 followed	 these	predictions.	We	 found	no	effect	of	
patchy	fires	on	heterozygosity,	a'	diversity,	b‘	diversity,	the	percentage	of	polymorphic	
loci	or	 the	 information	 index	of	 loci.	 This	was	 likely	due	 to	high	pale	 field-rat	 survival	
within	patchily	burnt	sites.	
	
Alternatively,	 theoretical	 work	 on	 extinction-recolonisation	 dynamics	 in	










However,	 we	 did	 detect	 an	 increase	 in	 the	 number	 of	 polymorphic	 loci	 and	 the	
information	 content	 of	 loci	 one	 year	 after	 thorough	 fire,	 providing	 evidence	 for	
recolonisation.	 Similarly,	 a	 study	on	banner-tailed	 kangaroo	 rats	 found	 that	migration	





We	 predicted	 that	 in	 situ	 survival	 after	 patchy	 fires	 would	 result	 in	 high	 relatedness	
between	 individuals	caught	before	and	one	year	after	 fire,	due	 to	nucleated	 recovery	
from	fewer	family	groups.	However,	we	found	lower	levels	of	relatedness	(genetic	spatial	
autocorrelation)	 in	 patchily	 burnt	 sites	 compared	 to	 controls,	 although	 a	 number	 of	
second-	and	third-order	relatives	were	assigned	between	sessions.	While	lower	than	in	
control	 sites,	 genetic	 spatial	 autocorrelation	was	 significantly	 higher	 in	 patchily	 burnt	
sites	than	in	those	that	underwent	thorough	fires	(Fig.	6).	Individuals	were	significantly	
unrelated	between	sessions	(over	a	100	m	scale)	 in	thoroughly	burnt	sites,	suggesting	
complete	 population	 turnover.	 However,	 fine-scale	 spatial	 genetic	 structure	 was	 re-
established	 one	 year	 later.	 Thus,	 individuals	 within	 the	 post-fire	 population	 were	
genetically	similar	over	a	100	m	scale.	Our	hypothesis	stated	that	this	pattern	is	likely	to	
occur	when	immigrants	come	from	a	single	source.	Pale	field-rat	preferred	habitat	is	fairly	








fires,	 significant	 negative	 spatial	 genetic	 structure	 was	 detected	 between	 sessions	 in	






female	 pale	 field-rats.	 While	 male	 dispersal	 may	 have	 remained	 relatively	 constant	
regardless	of	disturbance,	 female	dispersal	may	vary	 in	 relation	 to	habitat	availability.	
After	patchy	fires,	unoccupied	habitat	would	have	been	nearby	(once	the	vegetation	had	
recovered),	meaning	that	new	female	recruits	could	settle	close	to	their	natal	territory	
(increasing	 philopatry).	 When	 compared	 to	 male	 dispersal	 (often	 associated	 with	
inbreeding	 avoidance,	 kin	 competition	 or	 local	mate	 competition;	 Lawson	 Handley	&	
Perrin,	 2007),	 this	 would	 result	 in	 a	 strong	 genetic	 signal	 of	 male-biased	 dispersal.	
Conversely,	females	may	switch	to	colonisation	behaviour	after	thorough	fires	(once	the	
vegetation	 recovers)	 to	 take	advantage	of	 the	availability	of	 these	new	resources	and	
territories.	 This	might	explain	why	a	 signal	of	male-biased	dispersal	was	not	detected	
before	the	fire	experiment	or	in	control	sites,	as	two	dispersal	strategies	are	potentially	





(also	known	as	dispersal	polymorphism),	 likely	as	a	 consequence	of	 the	extent	of	our	
experimental	fires	and	low	survival	in	thoroughly	burnt	sites.	Individual-based	modelling	
has	shown	that	both	dispersal	distances	and	dispersal	probabilities	are	likely	to	increase	
with	 increasing	 habitat	 availability,	 particularly	when	 available	 habitat	 is	 continuously	
distributed	(Bonte	et	al.	2010).	Dispersal	polymorphism	has	been	discovered	in	a	number	
of	 species,	 often	 in	 response	 to	 demographic	 (population	 density	 dependence)	 or	
environmental	processes	(resource	availability,	range	expansions,	disturbance;	Banks	et	






with	 strong	 clues	 about	 the	 starting	 point	 for	 population	 recovery.	 Furthermore,	 the	
abundance	 and	 distribution	 of	 individuals	 before	 and	 after	 fire	 allowed	 us	 to	 make	









over	 such	a	 fine	 scale	 suggests	 that	 these	are	 important	mechanisms	 in	pale	 field-rat	
populations.	
	






by	 restricted	dispersal	 and	 strong	habitat	 requirements	 for	 population	establishment.	
This	would	 limit	 opportunities	 for	 population	 recovery.	 Furthermore,	 the	 presence	of	






may	 be	 pushing	 small	 mammal	 populations	 over	 this	 tipping	 point.	 Thus,	 fire	
























	 Recaptures	 High	recapture	rateü	 Fewer	recaptures	than	controlsü	 No	recapturesü	 No	recapturesü	 No	recaptures	






























Stable	across	sessionsü	 Stable	across	sessionsü	 Lower	diversityû	 Higher	diversityû	 Reduction	in	
diversity	due	to	
bottleneck	effects	














































Session	 Site	 Group	 Treatment	 N	 NA	 I	 %P	 HO	 HE	 F	
Pre-fire	
	
RS08	 1	 Control	 39	 1.99	±0.001	 0.42	±0.002	 99.32	 0.23	±0.002	 0.27	±0.002	 0.12	±0.003	
RS09	 1	 Patchy	 27	 1.98	±0.002	 0.42	±0.003	 97.95	 0.23	±0.002	 0.26	±0.002	 0.11	±0.004	
		 RS10	 2	 Control	 24	 1.96	±0.003	 0.41	±0.003	 96.24	 0.23	±0.002	 0.26	±0.002	 0.09	±0.004	
		 RS11	 2	 Patchy	 9	 1.87	±0.005	 0.40	±0.003	 87.10	 0.23	±0.002	 0.26	±0.002	 0.06	±0.005	
		 RS12	 3	 Thorough	 14	 1.94	±0.003	 0.41	±0.003	 93.64	 0.23	±0.002	 0.26	±0.002	 0.08	±0.004	
		 RS13	 3	 Thorough	 13	 1.89	±0.004	 0.40	±0.003	 89.46	 0.24	±0.002	 0.25	±0.002	 0.06	±0.005	
		 RS14	 4	 Control	 22	 1.97	±0.002	 0.42	±0.003	 97.09	 0.24	±0.002	 0.27	±0.002	 0.09	±0.004	
		 RS15	 4	 Thorough	 67	 1.99	±0.001	 0.42	±0.002	 99.58	 0.23	±0.002	 0.27	±0.002	 0.12	±0.003	
		 RS16	 5	 Control	 94	 2.00	±0.000	 0.43	±0.002	 99.97	 0.24	±0.002	 0.27	±0.002	 0.12	±0.002	
		 RS17	 3	 Control	 15	 1.93	±0.003	 0.41	±0.003	 93.49	 0.24	±0.002	 0.26	±0.002	 0.08	±0.004	
		 Mean	 -	 -	 32.4	±	8.7	 1.95	±0.013	 0.41	±0.003	 95.38	±1.39	 0.23	±0.000	 0.26	±0.001	 0.09	±0.007	
One	year	post-fire	
RS08	 1	 Control	 57	 1.99	±0.001	 0.43	±0.002	 99.58	 0.24	±0.002	 0.27	±0.002	 0.11	±0.003	
RS09	 1	 Patchy	 35	 1.99	±0.001	 0.42	±0.002	 99.22	 0.23	±0.002	 0.27	±0.002	 0.11	±0.003	
	 RS10	 2	 Control	 12	 1.88	±0.005	 0.40	±0.003	 88.42	 0.23	±0.002	 0.26	±0.002	 0.08	±0.005	
	 RS11	 2	 Patchy	 10	 1.88	±0.005	 0.40	±0.003	 87.65	 0.24	±0.002	 0.26	±0.002	 0.05	±0.005	
	 RS12	 3	 Thorough	 27	 1.97	±0.002	 0.41	±0.003	 97.53	 0.23	±0.002	 0.26	±0.002	 0.09	±0.003	
	 RS13	 3	 Thorough	 25	 1.98	±0.002	 0.42	±0.003	 97.85	 0.24	±0.002	 0.27	±0.002	 0.09	±0.003	
	 RS14	 4	 Control	 48	 1.99	±0.001	 0.42	±0.002	 99.51	 0.23	±0.002	 0.27	±0.002	 0.12	±0.003	
	 RS15	 4	 Thorough	 22	 1.96	±0.002	 0.42	±0.003	 96.50	 0.24	±0.002	 0.27	±0.002	 0.09	±0.004	
	 RS16	 5	 Control	 66	 2.00	±0.000	 0.43	±0.002	 99.84	 0.24	±0.002	 0.27	±0.002	 0.12	±0.002	
	 RS17	 3	 Control	 11	 1.90	±0.004	 0.40	±0.003	 90.01	 0.23	±0.002	 0.26	±0.002	 0.07	±0.005	






Table	3.	Model	 summaries	 for	GLMMs	 investigating	 the	effect	of	 session	 (S1:	pre-fire	




Response	 Variable	 Estimate	 Std.	Error	 Z	value	 p	
Pale	field-rat	
abundance	
Control	(Intercept)	 -2.701	 0.383	 -7.051	 <0.0001	
Patchy	 -0.692	 0.414	 -1.672	 0.095	
	 Thorough	 0.264	 0.364	 0.725	 0.469	
	 S3	 -0.001	 0.273	 -0.002	 0.998	
	 Patchy	x	S3	 -0.047	 0.539	 -0.088	 0.930	
	 Thorough	x	S3	 0.124	 0.463	 0.267	 0.790	
	 Random	term	 Variance	 Standard	Deviation	
	 Group	 0.547	 0.7396	 	 	
%P	 Control	(Intercept)	 97.223	 1.887	 51.531	 <0.0001	
	 Patchy	 -4.326	 2.138	 -2.024	 <0.05	
	 Thorough	 -1.190	 1.936	 -0.615	 0.539	
	 S3	 -1.749	 1.490	 -1.174	 0.240	
	 Patchy	x	S3	 2.658	 2.788	 0.953	 0.340	
	 Thorough	x	S3	 4.812	 2.434	 1.977	 <0.05	
	 Random	term	 Variance	 Standard	Deviation	
	 Group	 12.24	 3.499	 	 	
I	 Control	(Intercept)	 0.420	 0.005	 84.996	 <0.0001	
	 Patchy	 -0.008	 0.006	 -1.367	 0.171	
	 Thorough	 -0.005	 0.006	 -0.883	 0.377	
	 S3	 -0.004	 0.004	 -0.924	 0.355	
	 Patchy	x	S3	 0.005	 0.008	 0.682	 0.495	
	 Thorough	x	S3	 0.012	 0.007	 1.705	 0.088	
	 Random	term	 Variance	 Standard	Deviation	













Strata	 Q	 Qmax	 Raw	Diversity	 Scaled-Diversity	 p	
Total	 0.289	 0.999	 g 1.407	 g’ 0.289	 -	
Within	sites	 0.285	 0.993	 s 1.398	 s’ 0.287	 -	
Among	sites	 0.006	 0.883	 d 1.006	 d’ 0.007	 0.002	
Within	sessions	 0.282	 0.988	 a 1.393	 a’ 0.286	 -	
Among	sessions	 0.004	 0.453	 b 1.004	 b’ 0.008	 0.108	
Within	individuals	 0.117	 0.500	 w 1.132	 w’ 0.233	 -	














































results	 across	different	 spatial	 scales,	 for	 females	and	males.	Distance	
classes	vary	from	2km	to	100m;	panel	4	shows	a	multiple	distance	class	
analysis,	with	the	first	distance	class	increasing	from	100m	to	1000m	for	
females	 and	males;	 panel	 5	 displays	 the	 distribution	 of	 the	maximum	
distance	 travelled	 by	 recaptured	 pale	 field-rats,	 within	 and	 between	










relative	 across	 control,	 patchy	 and	 thorough	 sites	 (and	 the	 total	 across	 all	
relatedness	categories),	as	estimated	through	parentage	analysis.	The	proportion	
individuals	with	 a	 relative	was	 determined	within	 each	 session	 (before	 the	 fire-









Figure	 6.	 Pale	 field-rat	 capture	 patterns	 (total)	 and	 genetic	 spatial	 autocorrelation	
patterns	(total	and	by	sex)	before	the	fire	experiment	(S1),	one	year	after	fire	(S3)	and	
between	these	sessions	(S1-S3),	over	control,	patchy	and	thorough	sites.	Genetic	spatial	
autocorrelation	 was	 measured	 over	 a	 100m	 distance	 class	 and	 is	 bounded	 by	 95%	
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Session	 Site	1	 Site	2	 N	(site	1)	 N	(site	2)	 FST	 p	
S1	 RS08	 RS09	 39	 27	 0.010	 0.011	
	 RS10	 RS11	 24	 9	 0.005	 0.153	
	 RS12	 RS13	 14	 13	 0.013	 0.067	
	 RS12	 RS17	 14	 15	 0.006	 0.152	
	 RS13	 RS17	 13	 15	 0.018	 0.031	
	 RS14	 RS15	 22	 67	 0.008	 0.015	
S3	 RS08	 RS09	 57	 35	 0.007	 0.013	
	 RS10	 RS11	 12	 10	 0.013	 0.075	
	 RS12	 RS13	 27	 25	 0.010	 0.026	
	 RS12	 RS17	 27	 11	 0.008	 0.110	
	 RS13	 RS17	 25	 11	 0.005	 0.153	
	 RS14	 RS15	 48	 22	 0.008	 0.028	
S1-S3	 RS08	 RS08	 39	 57	 0.003	 0.055	
	 RS08	 RS09	 39	 35	 0.008	 0.007	
	 RS09	 RS08	 27	 57	 0.010	 0.009	
	 RS09	 RS09	 27	 35	 0.010	 0.012	
	 RS10	 RS10	 24	 12	 0.004	 0.201	
	 RS10	 RS11	 24	 10	 0.009	 0.060	
	 RS11	 RS10	 9	 12	 0.007	 0.164	
	 RS11	 RS11	 9	 10	 0.000	 0.405	
	 RS12	 RS12	 14	 27	 0.006	 0.106	
	 RS12	 RS13	 14	 25	 0.004	 0.135	
	 RS12	 RS17	 14	 11	 0.003	 0.217	
	 RS13	 RS12	 13	 27	 0.021	 0.009	
	 RS13	 RS13	 13	 25	 0.017	 0.021	
	 RS13	 RS17	 13	 11	 0.017	 0.038	
	 RS14	 RS14	 22	 48	 0.005	 0.074	
	 RS14	 RS15	 22	 22	 0.003	 0.177	
	 RS15	 RS14	 67	 48	 0.009	 0.003	
	 RS15	 RS15	 67	 22	 0.007	 0.035	
	 RS16	 RS16	 94	 66	 0.003	 0.038	
	 RS17	 RS12	 15	 27	 0.009	 0.042	
	 RS17	 RS13	 15	 25	 0.008	 0.056	










females	 and	 males	 (with	 juveniles	 removed	 from	 the	 analyses).	 Distance	














Statistic	 Variable	 Estimate	 Std.	Error	 Z	value	 p	
HO	 Control	(Intercept)	 0.236	 0.003	 78.210	 <0.001	
	 Patchy	 -0.003	 0.006	 -0.540	 0.590	
	 Thorough	 -0.002	 0.005	 -0.320	 0.750	
	 S3	 -0.002	 0.004	 -0.430	 0.670	
	 Patchy	x	S3	 0.006	 0.008	 0.700	 0.480	
	 Thorough	x	S3	 0.005	 0.007	 0.730	 0.470	
	 Random	term	 Variance	 Standard	Deviation	
	 Group	 1.077E-07	 	3.281	E-04	 	 	
HE	 Control	(Intercept)	 0.267	 0.003	 81.480	 <0.001	
	 Patchy	 -0.005	 0.006	 -0.800	 0.420	
	 Thorough	 -0.005	 0.005	 -0.880	 0.380	
	 S3	 -0.002	 0.004	 -0.500	 0.620	
	 Patchy	x	S3	 0.003	 0.008	 0.340	 0.730	
	 Thorough	x	S3	 0.007	 0.007	 0.950	 0.340	
	 Random	term	 Variance	 Standard	Deviation	
	 Group	 8.41E-06	 0.003	 	 	
F	 Control	(Intercept)	 0.102	 0.010	 9.990	 <0.001	
	 Patchy	 -0.013	 0.011	 -1.220	 0.220	
	 Thorough	 0.002	 0.010	 0.180	 0.860	
	 S3	 -0.001	 0.007	 -0.140	 0.890	
	 Patchy	x	S3	 -0.007	 0.014	 -0.520	 0.600	
	 Thorough	x	S3	 0.004	 0.012	 0.330	 0.740	
	 Random	term	 Variance	 Standard	Deviation	













Site	 Treatment	 Group	 S1	a’	 S3	a’	 Mean	a’	 p	
RS08	 Control	 1	 0.286	 0.288	 0.288	 0.953	
RS10	 Control	 2	 0.281	 0.282	 0.282	 0.728	
RS17	 Control	 3	 0.283	 0.283	 0.285	 0.934	
RS14	 Control	 4	 0.286	 0.284	 0.286	 0.706	
RS09	 Patchy	 1	 0.285	 0.287	 0.288	 0.975	
RS11	 Patchy	 2	 0.287	 0.282	 0.286	 0.855	
RS12-13	 Thorough	 3	 0.284	 0.285	 0.286	 0.953	











one-year	 after	 fire	 (S3)	 and	between	 these	 sessions	 (S1-S3),	 over	 control,	 patchy	 and	
thorough	sites	for	adult	pale	field-rats	(with	juveniles	removed	from	the	analysis).	Genetic	
spatial	autocorrelation	was	measured	over	a	100	m	distance	class	and	is	bounded	by	95%	





























Understanding	 these	 fundamental	 processes	 is	 vital	 if	we	 are	 to	 gain	 insight	 into	 the	
workings	 of	 populations.	 Furthermore,	 demographic	 information	 can	 help	 us	 to	
understand	 the	 post-fire	 recovery	 process.	 Incorporating	 this	 information	 into	 fire	







fine-scale	 genetic	 structure	 across	 maternally,	 paternally	 and	 biparentally	 inherited	
markers.	However,	when	dispersal	was	 restricted,	 the	mating	 system	 influenced	 fine-
scale	genetic	structure	differently	at	the	paternally	inherited	Y	chromosome	compared	
to	maternally	inherited	mitochondrial	markers.	Thus,	comparing	these	patterns	between	




Empirical	 research	 focused	 on	 pale	 field-rat	 populations	 in	 the	 Kimberley	 region	 of	





















In	 Chapter	 4,	 I	 conducted	 a	 fire	 experiment	 to	 explore	 fire	 response	 and	 habitat	











Finally,	 in	Chapter	5,	 I	 test	 these	two	alternative	extremes	of	 the	recovery	continuum	
proposed	in	Chapter	4:	in	situ	survival	and	recolonisation	(with	recolonisation	stemming	
from	multiple	sources	or	from	a	single	source).	I	explored	how	genetic	patterns	changed	
from	before	 the	 fire	experiment,	 to	one	year	after	 fires	of	differing	 spatial	 scales	and	
intensity.	Using	a	combination	of	genetic	and	demographic	evidence,	my	findings	suggest	












of	 relatedness	 and	 polymorphic	 loci),	 I	 was	 able	 to	 show	 that	 post-fire	 recovery	






than	male)	dispersal	patterns	 changed	after	extensive	 fires,	when	compared	 to	 lower	
intensity,	 patchy	 fires.	 These	 unexpected	 findings	 indicated	 that	 the	 females	 in	 this	
species	may	exhibit	context	dependent	‘dispersal	polymorphism’.	This	hypothesis	is	also	













panels	 that	 were	 genotyped	 using	 different	 bioinformatic	 pipelines	 and	 filtered	 for	
different	criteria.	Congruent	patterns	between	the	demographic	and	genetic	results	also	


















due	 to	 habitat	 heterogeneity	 and	 fire	 patchiness	 is	 an	 important	 driver	 of	 post-fire	
population	 recovery	 for	 many	 species	 across	 a	 broad	 range	 of	 habitats	 (Schwilk	 and	
Keeley	1998,	Hochkirch	and	Adorf	2007,	Watson	et	al.	2012,	Leahy	et	al.	2016,	Banks	et	
al.	 2017,	 Hossack	 and	 Honeycutt	 2017).	 In	 fact,	 in	 intact	 ecosystems,	 vertebrate	
populations	 appear	 to	 be	 fairly	 resilient	 to	 wildfire	 (Hossack	 and	 Honeycutt	 2017).	
However,	 human	 induced	 change	 through	 direct	 and	 indirect	 factors	 such	 as	 climate	
change,	 the	 spread	of	 exotic	 grasses	 and	 changes	 in	 precipitation	have	 increased	 the	
extent	 and	 frequency	of	 severe	wildfires	 across	 a	 range	of	 ecosystems	 (Gill	 and	Allan	
2008,	Bowman	et	al.	2009,	Cansler	and	McKenzie	2014,	Griffiths	and	Brook	2014).	These	
large,	 homogeneous	 fires	 leave	 few	 survivors,	 and	 the	 dispersal	 capability	 of	 many	
animals	may	be	inadequate	to	facilitate	population	recovery	over	these	scales	(Banks	et	
al.	2017).		Similarly,	species	that	rely	on	food	resources	that	only	become	available	several	
years	 after	 fire	 are	 compromised	 by	 failure	 to	 retain	 sufficient	 areas	 of	 long	 unburnt	
vegetation	(Atchison	2009,	Legge	et	al.	2015).	Therefore,	understanding	how	post-fire	
recovery	mechanisms	change	with	fire	extent	is	an	increasingly	relevant	question	across	
many	ecosystems,	and	 incorporating	this	 information	 into	 fire	management	strategies	
aimed	at	conserving	biodiversity	will	be	vital.		
	





2011,	 Lawes	 et	 al.	 2015).	My	 research	 suggests	 that	 the	 primary	mechanism	 driving	
recovery	 after	 thorough	 fires	 (i.e.	 wildfires)	 is	 likely	 to	 be	 recolonisation,	 due	 to	 low	
survival	in	intensely	burnt	areas.	Furthermore,	despite	the	often	apparent	uniformity	of	
savanna	landscapes	(to	human	eyes),	recolonisation	pathways	are	nonetheless	likely	to	
be	 restricted.	 For	 example,	 while	 constraints	 on	 animal	movement	 include	 the	more	
obvious	major	landscape	features	such	as	rocky	outcrops,	sand	seeps	and	water	courses,	
even	more	 subtle	habitat	attributes,	 such	as	 terrain	and	 substrate	 can	 restrict	 animal	
movements	(Woinarski	et	al.	2005).		
	
The	 additive	 effects	 of	 fire,	 predation	 by	 feral	 cats	 and	 grazing	 by	 introduced	
herbivores	 likely	 makes	 the	 post-fire	 landscape	 unfavourable	 for	 recolonisation	 and	
dispersal	 for	 pale	 field-rats	 and	 other	 vulnerable	 mammal	 species.	 Therefore,	
recolonisation	will	be	a	slow	process	if	fires	occur	over	a	scale	larger	than	which	pale	field-
rats	 perceive	 their	 surroundings,	 or	 are	 capable	 of	 moving	 over	 several	 generations	
(Clarke	2008,	Mutz	et	al.	2017).	Restrictions	to	specific	dispersal	routes,	such	as	along	
water	 courses,	 would	 exacerbate	 this	 effect,	 particularly	 in	 combination	 with	 the	
continued	 loss	and	degradation	of	 riparian	habitat	due	 to	grazing	 (Skroblin	and	Legge	
2012,	2013).		
	
If	 fires	 occur	 over	 a	 timescale	 faster	 than	 populations	 can	 recover	 through	
recolonisation,	 a	 regime	 of	 frequent	 wildfire	 may	 quickly	 remove	 any	 source	 of	
individuals	 in	 the	 landscape	 from	 which	 recolonisation	 can	 occur,	 leading	 to	 local	
extinction	over	a	scale	of	10’s	to	100’s	of	square	km	(McGregor	et	al.	2016,	Mutz	et	al.	





































Landscape	 genetics	 is	 an	 important	 tool	 in	 conservation	 and	 has	 already	 been	
utilised	 to	 understand	 gene	 flow	 and	 landscape	 connectivity	 in	 northern	 quolls,	 a	
carnivorous	marsupial	that	has	also	experienced	marked	declines	in	northern	Australia.	
Hohnen	 et	 al.	 (2016)	 found	 that	 variation	 in	 patterns	 of	 genetic	 structure	 across	









ecological	 processes	 shape	 populations	 and	 their	 underlying	 genetic	 diversity.	 My	
research	highlights	the	benefits	of	using	a	combined	approach,	revealing	novel	insights	
into	 the	 demographic	 processes	 occurring	within	 populations,	 the	 response	 of	 small-
mammal	populations	to	fire,	and	the	post-fire	recovery	process.	A	continued	focus	on	the	
fine-scale	 mechanisms	 underlying	 population	 dynamics,	 which	 until	 now	 have	 been	
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